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Foreword 


This  program  was  primarily  concerned  with  demonstrating,  exploring  and  developing  large  core  fiber 
technology  as  a  technological  platform  that  would  greatly  facilitate  power  scaling  of  multi-kW  fiber  laser 
arrays.  From  the  beginning  of  the  program  it  was  understood  that  main  requirements  for  such  fibers  are 
the  following:  (i)  large  core  sizes  (for  reducing  nonlinearities  at  high  power  operation)  with  robust  single 
transverse  mode  output,  (ii)  robust  polarization  at  the  output,  (iii)  increased  SBS  threshold,  to  facilitate 
high  power  narrow-linewidth  (preferably  below  SBS  bandwidth  of  ~40  MHz)  operation  of  individual  laser 
channels  in  coherently-combined  arrays,  (iv)  suitability  for  monolithic  integration  (compatibility  with 
splicing  and  coiled  packaging)  and,  most  importantly,  compatibility  with  all-fiber  pump  coupling. 

Technical  approach  was  based  on  two  key  innovations:  (i)  chirally-coupled  core  (CCC)  fiber  geometry  to 
achieve  robust  single-mode  operation  in  large-core  fibers  which  are  compatible  with  standard  fusion 
splicing  and  packaging  procedures;  and  (ii)  SBS  suppression  through  tailoring  acoustic-wave  guidance 
and  damping  in  optical  fibers.  This  program  also  had  developed  high  brightness  diode  laser  pumps, 
based  on  broad-stripe  single-emitter  diode  arrays  that  are  beam  shaped  using  micro-optics  and  coupled 
into  100pm  or  200pm  core  0.2NA  delivery  fibers. 

As  it  is  described  in  detail  in  this  report,  the  key  objective  of  the  program  has  been  successfully  achieved 
in  that  we  designed,  fabricated  and  demonstrated  robust  single-mode  (and  robustly  polarized) 
operation  of  very  large  core  (55pm  -  64pm  core  diameter)  CCC  fibers.  Further  outcomes  of  the  program 
include  development  of  theoretical  understanding  of  CCC  structures,  development  of  unique  numerical 
tools  that  enabled  accurate  modeling  of  CCC  fiber  properties  and  thus  were  critical  in  successfully 
designing  large-core  CCC  structures,  development  of  CCC  fiber  fabrication  techniques  (this  has  been 
achieved  with  multiple  custom-fiber  manufacturers),  initial  commercialization  of  CCC  fibers,  and  even 
initial  demonstration  of  monolithic  pump  combiners  and  pigtailed  isolators  using  CCC  fibers.  Sum  of 
these  outcomes  establishes  foundations  of  CCC  fiber  technology.  This  demonstrated  ~60pm  diameter 
single-mode  core  fibers  in  all-glass  and  bending-compatible  structures  constitute  the  largest-core 
flexible  fibers  to  date,  which  are  superior  to  40pm  core  flexible  PCF  LMA  in  terms  of  core  size  and 
suitability  for  integration  and  are  superior  to  PCF  rods  in  terms  of  integration  and  kW  power  scaling. 

Furthermore,  this  program  resulted  in  a  successful  demonstration  of  SBS  suppression  in  acoustic- 
guidance  tailored  fibers  with  up  to  13dB  SBS  threshold  increase,  which  to  our  knowledge  constitutes  one 
of  the  largest  SBS  suppression  achieved  to  date.  UUIC  group  also  performed  an  extensive  study  of  SBS 
gain  coefficient  magnitude  and  spectrum  in  a  variety  of  fiber  glass  materials. 

High  brightness  pump  diode  development  by  Fraunhofer  USA  for  this  program  has  always  been  at  the 
forefront  of  the  highest  pump-diode  brightness  achieved  in  the  field.  The  concept  is  based  on  using 
beam-shaping  micro-optics  to  transform  multiple  beams  from  single-emitter  arrays  into  a  single  beam, 
that  is  then  coupled  into  a  delivery  fiber.  This  approach  combines  reliability  of  the  telecom-grade  pump 
diodes  with  the  high-brightness  format  compatible  with  monolithic  all-fiber  pumping  of  multi-kW 
integrated  fiber  amplifier  or  laser  modules.  For  example,  the  demonstrated  modules  with 
700W/200pm/0.2NA  delivery  fibers  enable  up  to  ~4kW  pumping  in  7x1:1  combiner  geometry. 
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Statement  of  the  problem  studied 

Initial  Objectives  of  the  Project  (stated  at  the  project  start) 

Development  of  new  fiber  technologies  to  enable  multi-kW  (1-kW  to  10-kW)  narrow-linewidth  (<100- 

MHz)  monolithic  fiber  lasers  for  use  in  beam-combined  high-power  fiber  laser  arrays: 

•  Development  of  Chirally-Coupled  Core  (CCC)  fiber  technology  for  single-mode  fibers  with  core  sizes 
»  30-um.  Such  large-core  single-mode  fibers  should  be  compatible  with  mode-distortion  free 
splicing  and  compactly-coiled  packaging  thus  establishing  a  new  technological  platform  for 
monolithic  and  compact  multi-kW  all-fiber  systems. 

•  Development  of  Brillouin  scattering  suppression  techniques  using  engineered  interactions  between 
guided  acoustic  and  optical  waves  in  large-core  fibers  to  enable  narrow-linewidth  operation  at 
multi-kW  power  levels. 

•  Demonstration  of  1-3-kW  narrow-linewidth  single-fiber  systems  using  these  new  fiber  technologies. 


Main  overall  accomplishments  of  this  program  to  date  are: 

•  Established  Chirally-Coupled-Core  fiber  technology  with  robust  single-mode  operation  and  with 

core  sizes  »30pm: 

a.  Designed  and  fabricated  Ge  and  Yb  doped  CCC  fibers  with  core  sizes  up  to  55gm-64pm. 

b.  Rigorously  demonstrated  robust  single-mode  operation  for  fibers  with  core  sizes  of  55pm 
and  60pm. 

c.  Demonstrated  linearly  polarized  output  from  these  fibers,  and  demonstrated  resilience  of 
output  polarization  to  external  mechanical  and  thermal  perturbations. 

d.  Developed  accurate  numerical  modeling  tools  for  designing  and  comprehensive  theory  for 
understanding  of  CCC  fibers. 

e.  Demonstrated  and  developed  CCC  fiber  fabrication  techniques  with  the  two  independent 
commercial  fiber  manufacturers  -  NUFERN  and  NKT  Photonics  (Crystal  Fibre).  Other 
manufacturers  have  been  able  to  fabricate  commercial  grade  CCC  fibers,  but  outside  of  this 
JTO  MRI  program.  Manufacturing  of  CCC  fiber  reached  commercially-viable  yields  with  100's 
of  meters  of  CCC  fiber  per  production  run. 

•  Experimentally  demonstrated  various  high  power  fiber  laser  systems  based  on  CCC  fiber 

platform,  validating  expected  performance  of  these  fibers  at  high  powers  and  pulse  energies: 

f.  Demonstrated  up  to  ~600W  average  power  single-frequency  cw  SBS-free  CCC  fiber  laser 
MOPA  system 

g.  Demonstrated  up  to  140W/lmJ  lOns-pulsed  CCC  based  fiber  laser 

h.  Demonstrated  200W  average  power  and  350fs  duration  ultrashort-pulse  chirped-pulse 
amplification  system  based  on  CCC  fibers. 

•  Explored  SBS  suppression  techniques  based  on  acoustic-wave  and  material-properties 

engineering  in  optical  fibers.  Experimentally  demonstrated  ~12dB  SBS  suppression  in  ~10pm 
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mode-field-diameter  core  acoustically-engineered  fibers  (the  highest  SBS  suppression  ever 
demonstrated).  Explored  impact  of  fiber-material  composition  on  SBS  threshold. 

•  Developed  high  radiance  single-emitter  diode  array  systems  for  pumping  high-power  fiber  laser 
systems.  Up  to  700W  from  200pm/0.2NA  delivery  fiber  has  been  demonstrated,  constituting 
one  of  current  state-of-the-art  results  for  narrow  spectral-bandwidth  pump  sources.  12  units 
have  been  delivered  with  total  cumulative  pumping  power  of  ~4kW. 

Based  on  the  demonstrated  success  of  the  CCC  fiber  concept  a  spin-off  company  Arbor  Photonics,  Inc. 
has  been  established  with  the  goal  of  commercializing  CCC  fiber  based  laser  technology  and  thus 
expediting  the  transfer  of  this  technology  to  practical  use.  Arbor  Photonics  is  targeting  development  of 
high  power  pulsed  and  cw  fiber  laser  systems  and  laser  subsystems  for  a  wide  range  of  applications  in 
industrial  material  processing,  semiconductor  and  microelectronics  laser  processing,  as  well  as  defense 
applications. 

Developed  high-brightness  pump  diodes  have  been  commercialized  by  VISOTEK/Fraunhofer  USA. 
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Summary  of  the  most  important  results 

1.  Chirally  Coupled  Core  Fiber  Technology 

Main  Research  Events  During  the  Project 

Development  of  large-core  fibers  with  robust  single-mode  performance  was  the  cornerstone  of  this 
program.  Therefore,  it  is  very  useful  to  review  the  sequence  of  the  main  research  events  in  CCC  fiber 
development  during  the  program.  This  program  started  in  late  2005  (October  2005).  Initial  progress  was 
very  rapid  -  we  had  successfully  demonstrated  single-mode  33pm  core  Ge-doped  and  Yb-doped  CCC 
fibers  and  CCC  based  fiber  lasers  during  the  first  three  year  main  period  of  the  program.  During  the 
fourth  year  (2-year  extension  period)  we  had  encountered  unexpected  challenges  in  that  new 
phenomena  occurring  in  CCC  fibers  were  identified,  which  were  difficult  to  include  into  any  existing  fiber 
modeling  tool  (or  even  any  existing  computational  approach)  in  order  to  design  larger-core  CCC  fibers. 
During  Y5  we  succeeded  in  developing  completely  new  and  unique  numerical  modeling  tools  (as  well  as 
the  complete  theory  of  CCC  structures),  which  enabled  us  to  design  large-core  CCC  fibers  with  robust 
single-mode  performance.  A  Y6  no-cost  extension  has  been  requested  and  granted  by  ARO  to  complete 
the  fabrication  and  testing  of  these  large-core  designs,  and  successful  fabrication  and  demonstration  of 
robust  single-mode  performance  of  up  to  60pm  core  CCC  fibers  have  been  achieved  during  that  year, 
successfully  concluding  the  large-core  CCC  demonstration  and  development  program.  In  more  detail: 

•  We  had  fabricated  the  first  ~33pm  core  Ge-doped  (passive)  CCC  fibers  and  demonstrated  their 
robust  single-mode  performance  in  2006  (Y1  of  the  program).  The  first  CCC  sample  was 
fabricated  in  April  2006  by  NUFERN  and  was  operating  robustly  single-mode  at  ~1550nm.  By 
October  2006  the  first  Ge-doped  33pm  core  CCC  operating  robustly  single-mode  in  Yb-doped 
~lpm  wavelength  range  has  been  fabricated  (NUFERN)  and  tested  (University  of  Michigan). 

•  During  2007  (Y2  of  the  program)  we  had  fabricated  the  first  Yb-doped  double-clad  33pm  core 
CCC  fiber  and  demonstrated  its  single-mode  operation  at  ~1064nm  (April  2007),  as  well  as 
efficient  operation  as  a  laser  and  an  amplifier  with  overall  power  and  gain  performance  being 
the  same  as  with  conventional  30pm  core  Yb-doped  DC  LMA  fibers  fabricated  by  NUFERN. 

•  During  the  rest  of  2007  and  2008  (Y2  and  Y3  of  the  program)  we  had  built  and  tested  a  variety  of 
cw,  pulsed  and  femtosecond-pulse  laser  systems  based  on  CCC  fibers  (University  of  Michigan). 
Additional  runs  by  NUFERN  of  33pm  core  Yb-doped  DC  CCC  fibers  supported  these  multiple 
experiments.  However,  the  geometry  of  only  250pm  diameter  polymer-coated  (NA  =  0.45) 
double-clad  fiber  was  limiting  power  scaling  to  up  to  ~300W  for  cw  and  ~200W  for  nanosecond- 
pulsed  and  femtosecond  CCC  based  fiber  lasers.  The  limitation  was  associated  with  (i)  difficulty 
to  couple  sufficient  pump  power  into  such  a  small  cladding/low  NA  with  existing  pump  sources 
and  (ii)  burning  the  polymer  coating  at  the  highest  pump  powers  due  to  limited  cladding  size  as 
well.  To  overcome  these  difficulties  the  33pm  core  design  was  scaled-up  to  39pm  core  size 
(30pm  MFD)  and  two  versions  of  Yb-doped  double-clad  fibers  with  (i)  400pm  diameter  polymer 
(NA  =  0.45)  coating,  and  (ii)  260pm  diameter  air-clad  (NA  =  0.6)  were  fabricated  by  Crystal  Fibre 
(currently  NKT  Photonics).  This  enabled  to  further  pursue  one  of  the  key  program  objectives  of 
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power-scaling  of  single-frequency  SBS-free  fiber  MOPA  as  a  building  block  for  fiber-laser  arrays. 
In  2010  we  demonstrated  up  to  511W  from  a  single-frequency  (line-width  «  SBS  bandwidth) 
air-clad  CCC  fiber  laser  MOPA,  which  in  2011  was  further  scaled  up  to  ~600W. 

•  We  identified  CCC  modeling  challenges  after  the  first  attempts  to  design  and  fabricate  50pm 
diameter  CCC  fibers  in  2008.  First  50pm  core  Yb-doped  CCC  with  4  side-cores  was  fabricated  by 
Crystal  Fibre  in  early  2008  (Y3  of  the  program).  A  different  design  of  50pm  core  Ge-doped  CCC 
with  a  single  side  core  was  fabricated  by  NUFERN  end  of  2008  (Y4  of  the  program).  Both  CCC 
structures  did  not  work  as  model  predicted  and,  therefore,  did  not  achieve  single-mode 
operation  in  ~lpm  wavelength  range  (although  the  single-side  CCC  was  close  to  a  single  mode 
operation,  producing  a  dual  mode,  with  all  other  HOM  suppressed).  To  determine  the  cause  of 
discrepancy  we  devised  a  new  CCC  characterization  approach  using  broad-band  supercontinuum 
source,  which  by  the  end  of  2008  -  early  2009  (Y4  of  the  program)  established  that  quasi-phase 
matching  in  CCC  structures  does  occur,  but  at  substantially  larger  number  of  wavelengths  that  it 
should  have  been  according  to  the  original  CCC  theory/model  based  on  geometrical-only 
perturbations.  We  discovered  that  CCC  performance  was  also  strongly  affected  by  the  large 
linear  and  circular  birefringence  occurring  in  the  small  gap  between  the  central  and  the  side 
cores. 

•  The  remainder  of  2009  (Y4  and  Y5  of  the  program)  we  devoted  to  develop  a  full  understanding 
of  CCC  structures,  which  entailed  a  complete  rework  of  the  theory  and  the  numerical  modeling 
approach.  The  challenge  was  that  none  of  the  existing  numerical  approaches  based  on  beam 
propagation  could  account  for  rotating  linear  and  circular  birefringence  perturbations  occurring 
in  CCC  fibers. 

•  The  numerical  model  was  developed  by  the  end  of  2009  -  early  2010  (Y5  of  the  program). 

During  Spring  of  2010  we  had  calibrated  this  new  model  vs  performance  of  multiple  CCC  fiber 
samples  and  designs  (both  Ge-  and  Yb-doped)  that  we  possessed  at  that  time  from  a  variety  of 
different  fabrication  runs  and  established  an  accurate  agreement  between  the  model  and  the 
actual  experimentally-observed  performance.  After  that  (mid  2010 -Y5  of  the  program)  we 
proceeded  to  design  large-core  CCC  structures  and  encountered  a  design  "bottleneck"  in 
suppressing  HOM  at  larger  core  sizes.  We  succeeded  in  overcoming  this  limitation  at  the  end  of 
2010  by  finding  a  new  design  solution  in  CCC  geometry  with  multiple  side  cores. 

•  During  year  2011  (a  no-cost  extension  year  of  the  program)  we  proceeded  to  fabricating  the 
new  large-core  design  with  Crystal  Fibre.  We  chose  Crystal  Fibre  due  to  two  factors:  (i)  their 
technological  approach  of  stacking  Yb-doped  rods  to  produce  well  controlled  and  homogeneous 
cores  of  >50pm  in  diameter,  and  (ii)  our  previous  experience  with  them  during  Y4,  that 
demonstrated  their  capability  in  achieving  high  precision  in  fiber-preform  fabrication.  In  summer 
of  2011  different  design  variations  of  50pm,  55pm  and  60pm  diameter  Ge-doped  core  CCC 
fibers  with  8  side-cores  were  successfully  fabricated  and  experimentally  demonstrated  to 
perform  robustly  single-mode.  This  design  then  was  reproduced  in  55pm  core  Yb-doped  triple- 
clad  CCC  fibers  that  were  delivered  to  the  University  of  Michigan  in  January  2012.  Preliminary 
experiments  with  these  Yb-doped  55pm  core  CCC  fibers  confirmed  robust  single-mode 
performance  and  successfully  tested  their  use  in  fiber  laser  and  amplifiers,  thus  completing  the 
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primary  objective  of  this  program  to  demonstrate  robustly  single-mode  fibers  with  core  seizes 
»30pm  of  conventional  LMA  fibers. 

Large  Core  Single-Mode  CCC  Fibers 

By  the  conclusion  of  the  program  we  have  designed  and  fabricated  a  series  of  large-core  Ge-doped  and 
Yb-doped  CCC  fibers,  which  include  50pm,  55pm,  60pm  and  64pm  core  fibers  with  different  helix 
periods  for  exploring  different  design  variations  and  their  effect  on  single-mode  performance.  CCC  fibers 
with  Ge-doped  cores  have  central-core  NA  =  0.068  and  side  core  NA  =  0.088,  and  different  helix  periods 
in  the  range  from  5mm  to  6.3mm.  Fabricated  Yb-doped  CCC  fibers  are  based  on  the  identified  the  best 
Ge-doped  design  and  have  core  size  of  55pm  with  NA  =  0.072  and  side-core  NA  =  0.088  and  helix  period 
of  5.3mm.  For  facilitating  high-power  pumping  these  Yb-doped  CCC  fibers  have  an  octagonally-shaped 
triple-clad  structure  with  all-glass  inner  cladding  of  330pm  diameter  and  NA  =  0.22,  and  an  outer  390pm 
cladding  with  polymer  coating  and  NA  =  0.45.  Using  rigorous  modal  characterization  methods  we 
demonstrated  robust  single-mode  operation  in  ~lpm  Yb-doped  fiber  range  of  all  55pm,  60pm  core 
fibers  and  with  lengths  of  only  ~1.5m.  Some  of  tested  50pm  core  experimental  design  variations  were 
also  performing  single-mode,  but  only  at  lengths  longer  than  ~2m.  In  addition,  CCC  fiber  with  a  core 
diameter  of  64pm  has  been  shown  to  operate  robustly  single-mode  at  ~1.4pm  wavelengths,  indicating 
potential  of  CCC  large-core  fibers  of  operating  single-mode  in  different  wavelength  ranges.  An  example 
of  a  cross  section  of  a  Ge-doped  60pm  core  CCC  and  its  comparison  to  conventional  125pm  telecom- 
grade  single-mode  fiber  is  shown  in  Fig.  1(a),  and  cross  section  of  55pm  core  triple-clad  Yb-doped  fiber  is 
shown  in  Fig.  1(b).  For  these  large  cores  a  balanced  design  of  CCC  structures  with  8  identical  helix-side 
cores  has  been  chosen,  shown  in  this  figure.  Increase  of  side  core  number  allowed  to  overcome  core¬ 
size  scaling  limitations  of  a  single-side  design  and  to  significantly  relax  fabrication  tolerances.  For 
example,  single-side  designs  require  center-to-side  separation  to  be  rather  small  of  ~2pm  to  3pm.  With 
multiple  side-core  designs  we  relaxed  this  tolerance  to  5pm  -  10pm,  thus  substantially  facilitating 
fabrication  process.  Dramatic  improvement  in  performance  occurs  due  to  the  substantial  increase  in  the 
number  of  available  leaky  side-core  modes  that  extract  HOM  from  the  central  core.  We  have  identified 
that  in  a  single-side  core  design  a  certain  "bottleneck"  occurs  in  that  all  HOM  of  the  central  core  are 
coupled  into  the  same  side-core  mode.  This  can  result  in  back-coupling  of  some  of  the  power  back  from 
the  side-core  mode  into  HOM  of  the  central  core  thus  saturating  the  HOM  suppression.  Increasing  size 
of  the  central  core  leads  to  increasing  HOM  number  and,  therefore,  this  "bottleneck"  becomes 
increasingly  pronounced.  We  identified  a  design  solution  to  this  problem.  By  introducing  multiple  side 
cores  we  discovered  that  this  bottleneck  can  be  effectively  removed  by  providing  a  multitude  of 
independent  parallel  channels  for  the  central-core  HOM  to  leak-out  through  the  side  core  modes  into 
the  cladding. 
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Fig.  1.  (a)  Cross-section  of  60pm-core  CCC  fiber  (left-hand  image)  and  comparison  to  a  standard  125pm 
clad  single-mode  fiber  (right-hand  image). (b)  Cross-section  of  55pm  core  Yb-doped  triple-clad  fiber.  The 
structure  has  inner  all-glass  (fluorine-doped  silica)  cladding  with  0.22NA,  and  outer  fluoro-acrylate 
polymer  cladding  with  0.45NA. 

Rigorous  characterization  of  single-mode  performance  was  a  critically  important  part  of  the  technology 
demonstration.  Indeed,  it  is  appropriate  here  to  emphasize,  that  our  objective  was  not  only  to  increase 
the  core  size,  but  to  achieve  that  while  preserving  pure  and  robust  single-mode  operation  in  a  fiber 
which  is  completely  compatible  with  monolithic  integration,  as  expressed  in  fiber  all-glass  structure 
suitable  for  standard  laser  fusion  techniques  and  fiber  flexibility  due  to  large  NA  of  the  central  core  to 
maintain  fiber  packaging  advantages.  Characteristically,  our  modal  characterization  did  not  rely  on  M2 
measurements  of  the  fiber  output  beam,  since  it  is  well  understood  by  now  [1]  that  such  beam-quality 
measurement  is  ambiguous  with  respect  to  single-mode  performance  of  a  fiber  and  cannot  be  used  as  a 
criterion  defining  single-mode  performance.  Instead  we  based  our  CCC  fiber  modal  characterization  on 
so-called  Spatially  and  Spectrally  (S2)  Resolved  measurements,  originally  developed  by  OFS  [2].  We  used 
this  approach  in  two  different  ways.  First,  we  used  broad-band  spatially  resolved  spectral  observation 
using  Optical  Spectrum  Analyzer  (OSA)  to  qualitatively  determine  degree  of  single  mode  performance, 
by  observing  presence  or  absence  of  spectral  beating  patterns.  Absence  of  beating  patterns  indicates 
the  pure  single-mode  performance,  while  presence  of  beating  patterns  indicates  presence  of  higher- 
order  modes  at  the  fiber  output  [2,  3],  as  described  in  more  detail  below.  Second,  using  S2 
measurements  we  could  quantitatively  measure  the  HOM  content  at  the  fiber  output,  thus  providing 
with  a  solid  reference  for  comparing  performance  of  different  fibers.  For  example  we  could  compare 
performance  of  a  large-core  CCC  with  that  of  a  standard  LMA,  as  described  in  more  detail  further  in  the 
text. 

Measurement  setup  for  this  modal-content  characterization  is  shown  in  Fig.  2.  Details  of  the  setup  are 
given  in  the  figure  caption.  For  modal  characterization  in  Yb-doped  fiber  gain  wavelength-range  we  used 
a  single-mode  fiber  broad-band  ASE  source,  with  output  from  a  standard  single-mode  fiber.  Spatially 
and  Spectrally  Resolved  measurements  were  performed  at  the  test-fiber  output  with  a  standard  (MFD  = 
6.2pm  at  ~lpm)  single-mode  fiber,  connected  to  an  OSA.  As  is  shown  in  the  Fig.  2,  we  could  achieve 
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variable  mode-mismatched  excitation  at  the  test-fiber  input  and  we  could  also  sample  across  complete 
beam  at  the  test-fiber  output. 


Fig.  2.  Setup  for  modal  beating  and  S2  measurements  used  to  qualitatively  and  quantitatively 
characterize  modal  content  at  the  output  of  the  test  fiber.  Broadband  ASE  source  is  launched  through 
SMF  into  the  test  fiber  at  "Input  Excitation",  where  the  modal  excitation  can  be  adjusted  by  translation 
stages  T1  and  T2.  Another  SMF  is  used  to  receive  the  beam  coming  out  of  the  test  fiber  at  the  position  of 
"SMF  Reception",  so  T3  and  T4  can  adjust  the  SMF  to  sample  different  parts  of  the  beam.  By  adding  an 
automatic  2-dimensional  scan  on  T4,  this  setup  can  perform  S2  measurements.  Flip  mirror  Ml  and 
mirror  M2  with  the  focusing  lens  L5  are  used  to  record  the  near  field  image  of  the  output  beam  with  the 
CCD  camera.  LI,  L2,  L3,  L4,  L5  are  lenses.  OSA  is  a  computer-controlled  optical  spectrum  analyzer  which 
receives  the  broadband  signal  captured  by  the  SMF  on  T4  and  then  transfers  data  to  a  computer,  for 
further  quantitative  analysis. 

Qualitative  demonstration  of  a  pure  SM  output  from  a  55pm  core  Ge-doped  CCC  fiber  is  shown  in  Fig. 
3(b).  This  demonstration  used  a  single-mode  fiber  as  a  spatial  filter  for  sampling  different  portions  of  the 
test-fiber  output  beam.  For  this  purpose  output  beam  was  deliberately  focused  to  a  spot  much  larger 
than  single-mode  fiber  MFD  of  6.2pm.  For  reference,  we  also  used  a  standard  20pm  LMA  fiber  as  a 
reference-test  fiber.  This  LMA  is  currently  an  industrial  standard  for  monolithic  commercial  systems  [4, 
5].  Measured  modal  performance  of  this  reference  fiber  is  shown  in  Fig.  3(a).  Both  tested  samples  were 
of  equal  length  of  1.5m.  Structure  parameters  of  the  tested  two  samples  are  the  following: 

•  20pm  core  Ge-doped  LMA  with  core  NA  =  0.065.  MFD  is  18pm  and  the  core  is  dual-mode  (supports 
LPqi  and  LPn  modes). 

•  55pm  core  Ge-doped  CCC  with  core  NA  =  0.068.  MFD  is  42pm  and  the  central  core  would  support  17 
modes,  if  there  would  be  no  side  cores. 

Details  of  the  measurement  are  given  in  the  figure  caption.  The  test  result  is  apparent  here,  indicating 
that  standard  20pm  LMA  fiber  output,  even  when  its  input  excitation  is  optimized  for  a  fundamental 
mode  throughput,  does  contain  traces  of  the  only  higher-order  mode  that  this  fiber  supports.  In 
contrast,  55pm  core  CCC  test  shows  that  when  its  input  is  optimized  for  maximum  transmission,  no 
higher-order  modal  content  is  observable  for  this  length,  despite  the  fact  that  the  central-core  nominally 
should  support  17  modes. 
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Fig.  3.  Performance  comparison  between  industry-standard  20pm  LMA  fiber  and  55pm  CCC  fiber  under 
50cm  diameter  loosely  coiled  condition.  A  6.2pm  mode  field  diameter  SMF  is  used  to  receive  light  at 
different  parts  of  a  beam  with  around  40pm  mode  field  diameter  for  both  20pm  LMA  fiber  under  single¬ 
mode  excitation  condition  and  55pm  CCC  fiber  under  maximum  transmission  input-excitation 
conditions.  Blue  curve  corresponds  to  the  signal  received  by  the  SMF  at  the  peak  center  of  the  beam 
profile.  Red  curve  corresponds  to  the  signal  received  by  the  SMF  at  intensity  -3dB  down  position 
comparing  to  the  peak  center  of  the  beam  profile,  and  the  black  curve  corresponds  to  the  intensity  - 
lOdB  down  position,  (a)  Transmission  spectrum  of  20pm  LMA  fiber  at  different  parts  of  the  beam 
profile.  It  shows  the  further  away  from  the  peak  center  of  the  beam  profile,  the  more  pronounced 
spectral  beating  observed,  which  is  consistent  with  the  fact  that  the  fundamental  mode  has  more 
distribution  in  the  center  whereas  the  HOM  have  more  distribution  in  the  wings  of  the  modal  profile,  (b) 
Despite  slightly  octagonal  shape  of  the  55pm  CCC  fiber  output  modal  profile  defined  by  the  octagonal 
shape  of  the  fabricated  central  core,  there  are  no  observable  modal  beatings  across  the  entire  beam 
profile,  which  means  it  is  a  pure  single  mode  beam. 

Qualitative  demonstration  of  robustness  of  single-mode  output  from  the  same  sample  of  55  pm  core 
CCC  fiber  is  shown  in  Fig.  4(b),  where  broad-band  transmission  through  a  1.5  m  long  CCC  fiber  piece  is 
measured  for  4  different  input  misalignment  positions.  For  comparison,  Fig.  4(a)  shows  the  same  test 
performed  with  the  same  sample  of  1.5  m  long  standard  20  pm-core  LMA  fiber.  Fig.  4(a)  clearly  shows 
excitation-dependent  spectral  "beating",  which  is  caused  by  modal  interference  in  the  LMA  core. 

Fig.  4(b)  clearly  shows  complete  absence  of  such  spectral  beating  in  a  CCC  fiber  at  all  input- 
misalignments,  hence  indicating  robust  single-mode  content  of  the  tested  CCC  fiber  sample. 
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a)  20pm  LMA  fibers 
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Fig.  4.  Experimental  demonstration  of  robust  effectively-single-mode  output  from  1.5  m  long  55  pm 
core  CCC  fiber.  Figure  (b)  shows  broad  band  spectra  measured  for  four  three  different  misalignment 
positions  (relative  transverse  positions  of  the  fiber  input)  of  the  CCC  fiber.  Figure  (a)  shows  the  same 
test  performed  with  a  1.5m  long  20  pm  core  LMA  fiber.  Spectra  are  measured  with  a  single-mode  fiber 
monitor  placed  after  each  fiber,  which  is  spatially  filtering  the  output  beam  and  therefore  can  detect 
modal  interference.  Absence  of  modal  interference  in  the  55pm  core  CCC  fiber  is  evident,  despite  the 
fact  that  its  core  size  supports  17  modes.  In  contrast  20pm  core  LMA  fiber  which  has  only  two 
transverse  modes  shows  presence  of  both  transverse  modes,  strongly  depending  on  the  excitation 
conditions. 


Quantitative  characterization  of  55pm  core  CCC  fiber  modal  performance  and  its  comparison  to  that  of 
the  20pm  LMA  is  shown  in  Fig.  5.  Fig.  5(a)  shows  result  of  S2  measurement  for  3  meter  long  20pm  LMA 
fiber  at  optimum  single-mode  excitation.  After  S2  calculation  and  calibration,  it  shows  approximately  - 
16dB  of  LPn  modal  content.  Fig.  5  (b)  shows  output  beam  intensity  distribution  for  the  same  20pm  core 
LMA  fiber  with  its  input  misaligned  so  that  -3dB  lower  power  is  observed  through  a  SM  "sampling"  fiber 
at  the  output  of  the  test  fiber  (see  the  experimental  arrangement  in  Fig.  2).  In  this  case  this  -3dB 
misalignment  for  LMA  fiber  produces  multimode  output  with  45%  LP0i  and  55%  LPn  content  (estimated 
by  using  profile  fitting),  which  is  too  large  for  S2  algorithm  to  work  accurately.  Fig.  5  (c)  shows  S2 
measurement  for  ~1.5m  long  55pm  core  CCC  fiber,  with  no  HOM  content  observable  above  the  -20dB 
noise  floor  obtained  after  calibration  of  this  particular  measurement.  Fig.  5  (d)  shows  S2  measurement 
for  the  same  55pm  CCC  fiber  sample  with  input  misaligned  at  -3dB  power  transmission  compared  with 
the  maximum  transmission,  which  means  ~50%  HOM  excitation  at  the  input  is  ensured.  Nevertheless, 
fiber  output  still  has  no  observable  HOM  content  above  the  measurement  -20dB  noise  floor.  For  these 
measurements  CCC  fiber  is  coiled  to  50cm  diameter,  but  coiling  to  30cm  diameter  or  keeping  fiber 
straight  produces  identical  results.  The  important  conclusion  here  is  that  this  S2  measurement  clearly 
shows  that  this  55pm  core  CCC  fiber  passes  TIA-455-80-C  Industrial  Standard  for  SM  operation  [6]  which 
requires  that  HOM  content  at  the  fiber  output  would  be  below  -20dB  level,  i.e.  this  large  core  fiber  is 
single-mode  according  to  the  industry-accepted  definition. 
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Fig.  5.  Quantitative  comparison  between  20pm  LMA  fiber  and  55pm  CCC  fiber,  (a)  Fourier  transform  of 
the  beating  spectrum  obtained  for  the  S2  measurement  of  3  meter  long  20pm  LMA  fiber  under  the 
condition  of  single  mode  excitation.  After  the  specific  algorithm  to  extract  the  relative  modal  ratio  and 
calibration  of  the  imaging  system,  the  peak  of  LPn  mode  is  calculated  to  be  -16dB  relative  to  the 
fundamental  mode,  (b)  For  the  20pm  LMA  fiber  with  -3dB  down  transmission  through  the  "sampling" 
SM  fiber  at  the  test-fiber  output,  too  much  HOM  content  gets  excited  that  the  S2  measurement  would 
fail,  so  we  use  fitting  method  to  determine  the  relative  mode  ratio  in  such  a  beam.  The  least  square 
fitting  method  has  shown  excellent  fitting  to  the  beam  profile,  which  gives  around  55%  power  in  LPn 
mode  and  only  45%  in  fundamental  mode,  (c)  Fourier  transform  of  the  beating  spectrum  obtained  for 
the  S2  measurement  of  ~1.5m  long  55pm  CCC  fiber  under  the  condition  of  maximum  transmission. 
There  are  no  HOM  peaks  observed  above  -20dB  noise  floor,  which  is  determined  by  the  OSA  sensitivity 
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and  signal  power  captured  by  the  SM  fiber,  (d)  Fourier  transform  of  the  beating  spectrum  obtained  for 
the  S2  measurement  of  the  same  55pm  CCC  fiber  sample  under  the  condition  of  -3dB  transmission 
comparing  with  the  maximum  transmission  condition.  There  are  no  HOM  peaks  observed  above  -20dB 
noise  floor,  which  indicates  strong  HOM  suppression  through  this  ~1.5  meter  long  CCC  fiber  and  single¬ 
mode  output  even  for  this  strongly  misaligned  excitation,  where  at  least  50%  of  power  is  expected  to  be 
in  the  HOM.  For  (c)  and  (d)  measurements  CCC  fiber  is  coiled  to  50cm  diameter,  but  the  same 
measurements  performed  with  CCC  fiber  coiled  to  30cm  diameter  or  keeping  the  CCC  fiber  straight 
produces  identical  results. 


The  impact  of  this  demonstrated  single-mode  performance  at  these  large  core  sizes  is  summarized  in 
Fig.  6,  where  current  technological  limitations  of  conventional  and  PCF  LMA  fibers  is  shown  for 
reference.  As  it  is  shown  in  this  figure,  all  existing  monolithically-integrated  commercial  high  power  fiber 
lasers  are  based  on  conventional  LMA  fibers  with  core  sizes  not  exceeding  approximately  25pm  in 
diameter.  The  limitation  is  primarily  associated  with  the  fact  that  increasing  LMA  core  size  leads  to 
progressively  higher  scattering  between  fundamental  and  higher-order  modes  (HOM)  through  a  splice 
between  two  LMA  fibers  or  through  a  processed  LMA  fiber  component  such  as  pump  combiner. 
Consequently,  it  becomes  increasingly  difficult  to  maintain  diffraction-limited  output  from  an  integrated 
LMA  fiber  system,  although  conventional  LMA  fibers  with  larger  cores  are  used  in  free-space  pumping 
configurations.  PCF  LMA  fibers,  although  can  provide  with  much  larger  cores,  but  have  the  technological 
limitations  that  make  it  challenging  to  use  PCF  fibers  for  monolithically-integrated  lasers.  Currently  CCC 
fibers  provide  with  robustly  single-mode  performance  at  core  sizes  achievable  only  with  PCF  rods,  but 
CCC  fibers  are  well  suited  for  monolithic  integration  since  they  can  be  spliced  using  standard  splicing 
equipment  and  can  be  coiled  for  packaging,  since  their  HOM  suppression  properties  are  not  sensitive  to 
loose  (30cm  -  50cm  diameter)  coiling. 
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Fig.  6.  Potential  impact  of  currently  achieved  robustly  single-mode  55pm-60pm  core  CCC  fibers  for 
integrated  high  power  laser  systems. 
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Polarization  Properties  of  CCC  fibers 

Polarization  properties  of  all  successful  designs  of  single-mode  CCC  fibers  have  been  systematically 
investigated  and  it  was  discovered  that  all  the  tested  fibers  possess  excellent  polarization  preservation 
properties.  This  discovery  was  much  unexpected  since  all  fabricated  CCC  fibers  possess  no  strong 
intrinsic  birefringence.  Indeed,  rapid  spinning  of  the  CCC  fiber  perform  during  its  manufacturing  process 
used  to  achieve  short  helix  periods  of  only  few-mm  in  effect  "deletes"  any  residual  weak  birefringence 
[7]  in  the  fiber  that  might  otherwise  been  "frozen"  in  it  during  the  fabrication.  Example  of  polarization 
characterization  of  a  4m  long  piece  of  60pm  core  CCC  fiber  is  presented  in  Fig.  7,  which  shows 
polarization  extinction  at  the  fiber  output  measured  as  a  function  of  A/2  wave-plate  angle  at  the  fiber 
input.  Experimental  measurement  configuration  is  shown  on  the  right  side  of  the  figure.  Two  PER  peaks 
of  >20dB,  correspond  to  the  input  polarizations  parallel  and  perpendicular  to  the  fiber  coiling  plane 
(which  was  in  the  plane  of  the  optical  table).  Fiber  was  coiled  to  50cm  diameter.  This  measurement 
indicates  presence  of  weak  coiling-induced  birefringence  (on  the  order  of  10 6).  Such  weak  birefringence 
could  not  be  observed  in  a  fiber  with  built-in  locally-varying  random  varying  thermal-stress  produced 
birefringence  usually  imprinted  in  unspun  fibers  during  fiber  draw  process.  This  shows  that  CCC  fiber 
spinning  during  their  draw  removes  any  such  locally-varying  thermal  stress  effects  and  CCC  fibers  indeed 
posses  robust  low  birefringence.  This  is  further  confirmed  by  PER  measurements  in  CCC  fiber  samples 
that  are  kept  straight,  which  show  that  output  PER  is  high  irrespective  to  any  input  polarization 
orientation,  consistent  with  low  birefringence  fibers. 


Half-wave  plate  angle  at  fiber  input,  degrees 


Fiber  Analyzer 


output 


Fig.  7.  Polarization  extinction  at  the  output  of  4m  long  60pm  core  CCC  fiber  as  a  function  of  the  half¬ 
wave  plate  orientation  at  the  test-fiber  input.  Experimental  measurement  setup  is  shown  on  the  right. 
Polarization  at  the  fiber  output  reaches  two  PER  peaks  of  >20dB,  separated  from  each  other  by  45° 
rotation  of  the  input  X/2  waveplate.  In  the  setup  these  two  waveplate  orientations  corresponded  to 
horizontal  and  vertical  polarizations,  with  respect  to  the  optical  table  surface,  which  was  parallel  to  the 
CCC  fiber  coiling  plane.  Fiber  coiling  diameter  was  50cm. 
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Most  important  result  was  that  CCC  fibers  have  shown  very  robust  polarization  output,  which  was 
impervious  to  external  perturbations,  such  as  external  pressure  or  temperature  variations  (both  locally 
or  globally  in  the  fiber).  This  has  been  particularly  thoroughly  characterized  by  Arbor  Photonics,  a 
company  that  has  been  spun-off  from  the  University  of  Michigan  to  commercialize  laser  systems  based 
on  CCC  fibers.  The  systematic  experimental  study  of  perturbation-insensitive  performance  of  35pm  core 
CCC  fibers  has  been  published  in  a  joint  publication  between  Arbor  Photonics  and  University  of  Michigan 
in  SPIE  Photonics-West  2011  Conference  Proceedings  [8].  Here  is  the  summary  of  the  main  findings. 

The  experimental  setup  used  to  make  PER  measurements  is  shown  in  Fig.  8.  Linearly  polarized  light  with 
a  PER  >  20  dB  and  center  wavelength  of  1053  nm  was  coupled  into  the  fiber  under  test.  The  A/2 
waveplate  at  the  input  end  was  used  to  rotate  the  incident  linear  polarization  state.  Measurement  of 
transmitted  polarization  state  was  made  by  rotating  a  thin  film  polarizer  to  obtain  a  maximum  and 
minimum  transmitted  power  as  measured  on  the  power  meter.  PER  was  then  calculated  using  the 
following  formula:  dB  -  10  *  log10(Pmax/Pmin).  The  metal  plate  under  the  fiber  was  used  to  adjust 
the  fiber  temperature  in  order  to  evaluate  the  sensitivity  of  the  fiber's  polarization  performance  to 
temperature. 
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Fig.  8.  Experimental  arrangement  for  measuring  PER  at  the  output  of  a  fiber  under  test. 

Testing  was  performed  on  two  different  optical  fibers:  the  first  was  a  Yb-doped  CCC  fiber  with  a  mode 
field  diameter  of  21  pm  and  a  length  of  ~  4  m;  the  second  was  a  high-birefringence  LMA  fiber  with  a 
similar  mode  field  diameter  and  length  of  ~  1.5m.  In  each  case,  the  fiber  was  coiled  in  loops  with  ~  30 
cm  diameter  and  placed  upon  a  copper  plate  that  was  heated  from  room  temperature  of  ~  20  °C  to  a 
maximum  temperature  of  70  °C. 

The  most  extensive  testing  was  performed  on  30  pm  core/250  pm  clad  CCC  optical  fiber.  First,  PER 
versus  incident  angle  was  measured  for  loops  of  2  different  diameters:  50  cm  and  30  cm.  Data  from 
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those  tests  (Fig.  9)  show  that  both  conditions  provide  highest  extinction  ratio  at  2  distinct  incident 
angles,  which  correspond  to  the  plane  of  the  loops  (horizontal)  and  perpendicular  to  the  loops  (vertical). 
The  phase  offset  can  be  explained  by  imperfect  registration  of  the  waveplates,  and  by  the  fact  that  care 
was  not  taken  to  ensure  that  the  fiber  path  between  the  input/output  coupling  stages  and  the  thermal 
plate  remained  in  a  single  plane.  The  geometric  path  of  the  fiber  through  space  can  cause  a  mode's 
polarization  to  rotate.  This  effect  is  purely  geometric  and  is  not  a  result  of  bend-induced  stresses.  The 
PER  of  the  fiber  is  lowered  when  the  polarization  of  the  mode  in  the  coiled  section  is  not  aligned  parallel 
or  perpendicular  to  the  coil  axis.  Bend-induced  birefringence  causes  the  fiber  coil  to  act  as  a  low-order 
waveplate  and  alter  polarization  states  that  are  not  aligned  along  the  slow  or  fast  axis.  The  bend- 
induced  birefringence  increases  proportional  to  1/R2,  so  that  the  30  cm  coil  has  higher  birefringence  and 
a  lower  PER  at  the  curve  minimum.  . 


Fig.  9.  PER  vs  input  polarization  state  through  CCC  optical  fiber.  The  data  was  taken  with  2  different  loop 
diameters. 

The  PER  was  remarkably  stable  with  respect  to  mechanical  perturbations.  Significant  localized  pressure 
on  the  fiber  had  no  measurable  effect  on  the  PER  as  did  in-plane  shuffling  of  the  fiber  coils.  The  coils 
could  even  be  moved  out-of-plane.  The  PER  from  the  fiber  coil  was  monitored  as  one  50  cm  loop  of  the 
coil  was  raised  from  resting  horizontally  on  the  thermal  plate  to  a  vertical  position.  A  minimum  PER  of 
13  dB  was  measured  for  a  45  degree  loop  orientation.  The  PER  recovered  to  ~20  dB  as  this  loop  was 
rotated  to  a  vertical  position.  Note  that  the  polarization  analyzer  and  input  polarization  state  remained 
fixed  during  this  test. 

In  a  typical  fiber  amplifier,  the  fiber  is  fixed  and  coiled  over  most  of  its  extent,  but  also  contains 
segments  that  are  pigtails  to  components.  These  segments  may  follow  some  arbitrary  path  through  the 
packaging  with  some  ability  to  shift  within  a  confined  space.  The  above  tests  indicate  that  when 
packaged  in  such  a  manner,  CCC  fiber  is  sufficiently  robust  to  mechanical  perturbations  that  it  will 
maintain  a  fixed  linear  polarization  for  the  amplifier's  output. 

Tests  to  examine  the  PER  stability  over  temperature  were  also  performed.  The  plate  was  heated  and  a 
piece  of  foam  was  placed  over  the  fiber  loops  to  keep  the  temperature  constant.  The  input  A/2 
waveplate  was  set  to  the  position  with  the  highest  PER  and  left  in  that  position  for  the  duration  of  the 
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test.  The  output  thin  film  polarizer  was  set  alternately  to  the  positions  for  maximum  and  minimum 
transmission  that  were  found  at  room  temperature.  The  temperature  range  investigated  was  20  -  70  °C. 

The  results  shown  in  Figure  10  reveal  that  the  PER  was  extremely  robust,  remaining  above  20dB  for  all 
test  conditions.  It  is  worth  repeating  that  during  data  collection,  the  angle  on  the  thin  film  polarizer  that 
was  set  for  maximum  and  minimum  power  remained  the  same  for  each  data  point.  This  means  that  the 
polarization  did  not  rotate. 

Linear  PER  vs.  Temperature 
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Fig.  10.  As  linearly  polarized  light  is  launched  into  a  4  meter  length  of  coiled  CCC  fiber,  the  polarization 
state  of  transmitted  light  was  monitored  while  the  fiber  was  heated  from  20°C  to  70°C. 

To  further  investigate  the  stability  of  the  PER  with  temperature,  localized  thermal  tests  were  performed 
by  heating  a  short  length  (10  cm)  of  CCC  fiber  loops  to  a  plate  temperature  of  50  °C.  The  amount  of 
fiber  exposed  to  the  increased  temperature  was  about  7%  of  the  total  fiber  length.  The  PER  remained 
fixed  unchanged  during  this  test,  underscoring  the  exceptional  stability  of  CCC  fiber  polarization 
maintaining  performance. 

Finally,  polarization  transmission  of  PM  LMA  with  25  pm  core  and  250  pm  cladding  and  a  length  of  1.5  m 
was  investigated  as  a  comparison  to  CCC  fiber.  The  experimental  layout  is  the  same  as  used  for  the  CCC 
fiber  tests  (Figure  8).  In  order  to  produce  single-mode  injection  from  the  free-space  setup,  a  piece  of 
passive  CCC  fiber  with  similar  mode  field  diameter  was  spliced  to  the  input  end  of  the  PM  LMA.  With 
this  compound  fiber  setup,  ~  19.5  dB  of  PER  was  measured  along  one  axis  and  ~  23.5  dB  on  the  other 
axis  of  the  PM  fiber  at  room  temperature.  Fig.  11  shows  PER  vs  input  polarization  angle  for  the  axis  with 
23.5  dB  extinction. 
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Fig.  11.  PER  output  of  PM  LMA  fiber  at  room  temperature. 

The  PER  of  the  PM  LMA  as  the  plate  temperature  is  varied  is  graphed  in  Fig.  12,  along  with  results  from 
the  CCC  fiber  (included  for  comparison).  The  PER  data  in  the  graph  was  taken  with  the  thin  film  polarizer 
set  to  the  positions  for  maximum  and  minimum  transmission  found  at  room  temperature.  The  PER 
degraded  as  the  temperature  was  raised.  To  determine  if  the  polarization  remained  linear,  the  analyzer 
was  also  adjusted  at  each  temperature  to  find  maximum  and  minimum  transmission.  High  PER  could  be 
recovered,  which  indicates  that  the  output  polarization  remained  linear  but  with  a  rotated  orientation. 
The  angles  next  to  each  data  point  on  the  PM  LMA  curve  in  Fig.  12  specify  the  amount  that  the  analyzer 
was  rotated  to  achieve  the  highest  PER. 


Fig.  12.  Graph  comparing  the  measured  stability  of  the  output  polarization  over  a  broad  temperature 
range  for  CCC  and  standard  PM  LMA  fibers. 

These  results  indicate  that  the  polarization  state  of  the  light  from  a  PM  LMA  fiber  does  not  stay 
constant,  but  can  vary  with  temperature  changes  as  small  as  12  °C,  even  if  the  state  of  the  input 
polarization  and  the  fiber  axis  remain  fixed. 

This  shows  that  CCC  fibers  have  indeed  very  good  polarization  preservation  properties,  which, 
surprisingly,  are  more  temperature  stable  compared  to  the  measured  temperature  sensitivity  of 
standard  PM  fibers  based  on  thermal-expansion  stress-rod  produced  high  birefringence  in  an  optical 
fiber.  We  believe  that  this  polarization  robustness  of  CCC  fibers  is  primarily  associated  with  the  fact  that 
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when  random  and  strong  thermal-stress  produced  local  random-birefringence  regions  produced  by  fiber 
draw  are  effectively  "deleted"  by  the  rapid  twist  of  the  fiber  during  its  draw,  resulting  homogeneous  and 
isotropic  fiber  exhibits  low  sensitivity  to  external  perturbations,  due  to  the  absence  of  these  internal 
random  birefringence  perturbations.  Also,  the  fact  that  CCC  core  is  robustly  single-mode  helps 
polarization  stability  of  the  propagating  beam  in  such  a  core. 

Indeed  we  had  tested  CCC  fiber  polarization  preservation  under  high  power  conditions  and  have  shown 
that  even  at  the  tested  powers  of  few  hundred  watts  this  polarization  robustness  is  still  maintained,  as 
shown  in  the  section  further  in  the  report  which  details  high-power  SBS-free  single-frequency  work  with 
CCC  fiber  MOPA. 

Development  of  CCC  Fiber  Theoretical  Description  and  Numerical  Modeling  Tools 

The  critically  important  result  of  the  program,  which  had  eventually  led  to  the  success  in  demonstrating 
large-core  single-mode  CCC  fibers,  was  the  development  of  the  fundamental  theoretical  understanding 
of  the  CCC  fiber  structures  and,  more  importantly,  the  development  of  unique  numerical  methods  for 
correctly  and  accurately  simulating  CCC  fiber  performance. 

Main  functionality  of  CCC  structure  is  based  on  engineering  properly  modal  interactions  between 
center-core  and  side-core/cores  modes.  Challenge  in  describing  modal  interactions  in  CCC  structure  is 
primarily  associated  with  the  fact  that  side  core  is  rotating  along  the  central  core,  i.e.  is  not  axial- 
coordinate  invariant.  Consequent,  to  address  this  difficulty  we  developed  a  theoretical  approach  based 
on  using  Maxwell's  Equations  in  Helical  reference  frame.  In  this  helical  frame  CCC  structure  becomes  in 
effect  "unwound",  i.e.  represented  by  straight  center  and  side  cores,  thus  allowing  using  conventional 
coupled-mode  methods  to  deal  with  inter-core  modal  coupling  in  CCC  fibers.  Indeed,  in  this  reference 
frame  Maxwell's  equations  can  be  expressed  in  a  mathematical  form  identical  to  that  in  Cartesian 
coordinates,  and  the  only  difference  between  the  two  descriptions  is  solely  captured  by  the  transformed 
dielectric  permittivity  and  magnetic  permeability  tensors  expressed  in  this  helical  frame  [9, 10].  For 
example,  a  conventional  cylindrically-symmetric  step-index  fiber,  which  is  piece-mall  homogeneous  and 
isotropic  in  Cartesian  coordinates,  in  helical  coordinates  is  described  by  inhomogeneous  and  anisotropic 
permittivity  and  permeability  tensors  [10].  Following  this  approach,  we  can  obtain  the  eigenmodes  of 
this  CCC  structure,  and  further  solve  for  the  exact  QPM  resonances.  For  abbreviation,  we  summarize  the 
conclusion  here,  and  detailed  analysis  can  be  found  in  the  Appendix  A.  First,  as  has  been  pointed  out, 
since  the  eigenmodes  of  this  CCC  structure  must  be  symmetric  with  respect  to  helical  translation,  the 
modal  fields  are  azimuthally  invariant:  most  of  them  are  circularly-polarized  (i.e.  characterized  by  spin 
angular  momentum)  optical-vortex  (i.e.  characterized  by  orbital  angular  momentum)  modal  fields, 
which  has  been  confirmed  rigorously  by  solving  for  the  modal  electric  field  in  the  helical  reference 
frame.  Second,  in  CCC  fibers,  the  general  phase  matching  condition  between  a  central-core  mode  group 
LP  LP 

l'm 1  and  side-core  mode  group  ,2mi  (see  Appendix  A)  can  be  expressed  as: 

P,]m]  -Pl,„2-^  +  K2R2  -Am-K  =  () 
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B  B  LP  LP  I  2  2~ 

Here,  ^  and  ^m2  are  the  propagation  constants  of  Ami  and  /2™2  in  straight  cores,  and  Vl  +  ^  ^ 

is  a  helical  correction  factor.  The  parameter  ^  follows  As-  :  the  values  of  ^  run  through  four 

possible  modal  number  combinations^  ~~  ±^2 ,  and  the  values  of  ^  run  through  five  numerical 

values  ^  =  -2,  -1,  0,  +1,  and  +2.  This  equation  gives  the  resonance  positions  (vertical  dash  lines)  in  Fig. 
13-b  which  are  explained  in  more  detail  below. 

Fig.  13  presents  the  detailed  comparison  between  CCC  fiber  theory,  numerically  simulated  performance 
and  experimental  characterization,  indicating  very  good  agreement  between  them.  In  Fig.  13-a, 
wavelength-dependent  loss  for  side-core  LPn  and  LP2i  modes  due  to  the  frustration  of  the  total  internal 
reflection  in  a  curved  waveguide  [11]  is  calculated  using  approach  presented  in  [12].  Fig.  13-b  shows  the 
curves  of  calculated  modal  refractive  indices  for  side-core  modes  LPn  and  LP2i,  and  central-core 
fundamental  mode  LP0i,  together  with  which  two  groups  of  vertical  dashed  color  lines  are  plotted  to 
represent  QPM  resonance  positions:  the  blue  group  on  the  left  for  LP2i  and  the  red  group  on  the  right 
for  LPn.  These  resonances  are  calculated  from  Eqn.  (1)  and  labeled  with  parameter^,  which  are 
derived  from  our  theoretical  model.  In  Fig.  13-c,  experimentally  measured  transmission  spectrum  has 
been  obtained  by  launching  a  broad-band  super-continuum  laser  source  into  the  central  35pm-diameter 
core  of  the  1.5m-long  CCC  fiber.  Main  observation  here  is  that  multiple  resonances  appear  as 
transmission  "dips".  Most  important,  the  extension  of  these  "dips"  marked  as  the  vertical  light-grey 
dotted  lines  appear  to  exactly  overlap  with  the  calculated  QPM  resonances  in  Fig.  13-b.  This  verifies  the 
fact  that  QPM  coupling  involving  optical  angular  momentum  indeed  occurs.  Further  comparison 
between  Fig.  13-a,  13-b  and  Fig.  13-c  reveals  that  modal-interaction  resonances  are  observed  as 
transmission  "dips"  only  at  the  wavelengths  where  a  side-core  mode  experiences  non-negligible  losses, 
namely  exceeding  approximately  ldB/m  loss.  Modal  interactions  at  wavelengths  shorter  than  these 
ldB/m-loss  wavelengths  (marked  in  Fig.  13-b  by  points  A  and  B  for  side-core  LP2i  and  LPn  modes 
respectively)  still  do  occur,  but  do  not  result  in  observable  central-core  modal  loss.  This  has  been 
experimentally  verified  for  the  "lossless"  resonance  at  1030nm  (see  discussion  of  Fig.  14  below).  In 
addition,  Fig.  13-d  shows  numerically  calculated  transmission  spectra  of  all  central-core  modes,  and  the 
comparison  between  Fig.  13-c  and  Fig.  13-d  shows  that  all  these  "dips"  belong  to  central-core 
fundamental  mode,  which  also  indicates  the  effective  single-mode  operation  of  this  particular  CCC 
sample  (see  details  below). 

Direct  experimental  demonstration  and  measurement  of  inter-core  modal  interactions  involving  modal 
angular  momentum  are  presented  in  Fig.  14.  We  explored  CCC  fiber  performance  in  the  vicinity  of  low- 
loss  1030nm  resonance  marked  in  Fig.  13-b  by  line  C-D.  At  this  wavelength  central-core  fundamental 

LPoi  and  side-core  LPn  are  quasi-phase-matched,  corresponding  to  ^  =  0,  ^2=  -1,  ^  =  -2with  the 
resulting  0  - 1  -  2  =  -  3,  which  can  be  easily  verified  by  plugging  the  values  of  these  numbers  and 
propagation  constants  at  1030nm  into  Eq.  (1).  Fig.  14-a  and  Fig.  14-b  show  the  output  from  the  same 
1.5m-long  CCC  fiber  sample  when  only  the  central  core  is  excited:  one  is  measured  at  wavelengths 
outside  thel030nm  resonance  and  the  other  is  measured  at  the  1030nm  resonance.  One  can  see  that 
outside  the  resonance  output  signal  is  observed  only  in  the  central-core,  while  at  the  resonance  fiber 
output  signal  is  observed  in  both  the  central  core  and  side-core,  thus  directly  confirming  inter-core 
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modal  interaction  at  1030nm.  Furthermore,  central  core  output  appears  to  be  single-mode  (as 
confirmed  by  more  rigorous  measurement  described  below),  while  side-core  mode,  observed  at  the 
resonance,  exhibits  a  clear  ring-like  higher-order  mode  pattern,  consistent  with  LPn  optical  vortex.  The 
later  was  further  confirmed  experimentally:  we  used  a  narrow  linewidth  laser  operating  at  1030  nm  to 
excite  the  side  core  and,  in  addition,  to  produce  a  reference  plane-wave,  and  the  overlap  of  them  will 
produce  an  interference  pattern  presented  in  Fig.  14-c,  which  indeed  confirms  that  the  side  core  output 
is  an  optical  vortex  with  the  topological  charge  |  1 1  . 
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FIG.  13.  Calculation  and  measurement  of  quasi-phase-matching  (QPM)  for  1.5m-long  CCC  fiber  sample, 
(a)  Calculated  loss  for  side-core  LP11  and  LP21  modes  as  a  function  of  wavelength,  (b)  Calculated 
refractive  indices  of  interacting  modes  and  calculated  QPM  resonance  positions,  (c)  Experimentally 
observed  transmission  spectrum  through  CCC  fiber  central  core,  (d)  Calculated  transmission  of  different 
central-core  modes. 
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(a).  Off-Resonance  Image 


(b).  On-Resonance  Image 


(c).  Side  Core  Interference 


FIG.  14.  Direct  experimental  demonstration  and  measurement  of  inter-core  modal  interactions  involving 
modal  angular  momentum:  (a)  Output  image  outside  the  1030nm  resonance  showing  only  central  core, 
(b)  Output  image  at  the  1030nm  resonance  showing  coupling  from  central  core  to  side  core,  (c) 
Interference  pattern  showing  optical  vortex  with  topological  charge  |  1 1  [13]. 

Fig.  15  shows  another  example  which  compares  model  prediction  and  experimental  observation  for  a 
55pm  core  Ge-doped  CCC  fiber.  This  structure  is  very  different  from  the  above  design  in  that  it  contains 
8  side  cores,  as  shown  in  a  fiber  cross-section  photos  in  Fig.  1  above.  Use  of  multiple  cores  allows 
achieving  core  scalable  HOM  suppression  and  also  significantly  relaxes  center-side  core  separation 
requirements  from  ~2pm-3pm  in  singe-side  designs  to  ~  7pm  in  the  8-side  60pm  central-core  designs 
and  even  larger  for  larger  core  sizes.  In  Fig.  15  the  measured  core-transmission  spectrum  through  2m 
long  fiber  is  presented  together  with  the  calculated  LP0i  and  LPn  loss  spectra  for  the  same  length  of  the 
fiber.  Calculated  LP0i  loss  in  the  1pm  to  1.1pm  spectral  range  is  negligible  («ldB)  but  abruptly  increases 
at  A  >  1150nm  to  more  than  lOOdB,  while  LPh  loss  is  higher  than  50dB  and  is  relatively  constant  at  all 
wavelengths  above  ~lpm.  All  other  HOM,  not  shown  here,  have  loss  well  exceeding  that  of  LPn  at  all 
wavelengths  in  this  plot.  Observed  core-transmission  spectrum  for  A<  1150nm  follows  nearly  perfectly 
the  calculated  LP0i  loss,  thus  indicating  that  all  HOM  are  suppressed  in  this  range.  This  agrees  well  with 
the  measured  robust  single-mode  characteristics  in  the  1-1. lpm  range  using  spectral  beating 
measurement  presented  (for  the  same  fiber,  but  for  shorter  1.5m  length)  in  Figures  3-5  above.  Note, 
however,  that  in  the  region  between  1200nm  and  1300nm  LP0i  loss  exceeds  that  of  LPn,  which  is 
consistent  with  the  observed  "flat"  top  of  the  measured  transmission  spectrum  in  this  region  where  LPn 
mode  dominates  in  the  fiber  output. 

Fig.  15.  Comparison  between  measured 
transmission  of  2m  long  55pm  core  Ge- 
doped  fiber  and  the  calculated 
transmitted  powers  of  LP0i  and  LPn 
modes.  Experimentally  observed  long- 
wavelength  loss  "step"  at  above 
~1150nm  corresponds  to  the  region  of 
predicted  high  fundamental-mode  loss, 
and  is,  therefore,  dominated  by  the  LPn 
transmission. 
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These  two  examples  represent  just  two  particular  examples  indicating  a  general  agreement  between 
model  and  experiments  that  has  been  consistently  observed  in  CCC  fibers  of  various  designs  that  were 
fabricated  during  the  JTO  MRI  program.  This  establishes  a  high  degree  of  confidence  in  the  accuracy  and 
predictive  capability  of  the  CCC  fiber  numerical  model  developed  in  this  program. 

Numerical  model  for  calculating  CCC  fiber  mode-transmission  properties  is  based  on  a  fully-anisotropic 
Beam-Propagation  Method  developed  specially  for  this  project.  The  problem  we  had  to  solve  was 
associated  with  the  discovery  in  the  mid-project  of  the  quasi-phase-matched  intermodal  interactions  in 
the  CCC  structure  which  were  caused  not  only  by  the  purely  "geometrical"  modal  perturbations  due  to 
the  presence  of  the  side  core/cores,  but  also  by  the  linear-birefringence  and  circular-birefringence 
perturbations  located  in  the  spacing  between  the  central  and  side  cores  (see  more  details  in  the  above 
theoretical  discussion  as  well  as  in  Appendix  A).  All  existing  BPM  algorithms  and  commercial  software 
that  we  used  in  the  initial  stage  of  the  project  are  essentially  scalar  methods  (home-written  scalar  BPM 
initially  and  later  BeamProp  software  package  by  RSoft)  or  Full/Semi-vectorial  BPM  algorithms  (RSoft 
BeamProp).  Either  of  these  two  approaches  is  not  suitable  for  accounting  for  rotating  linear 
birefringence  and,  more  critically,  for  the  local  circular  birefringence  effects  in  CCC  structures.  Critical 
breakthrough  in  this  program  of  achieving  large-core  single-mode  CCC  fibers  was  accomplished  only 
after  we  succeeded  in  overcoming  this  formidable  theoretical/numerical  challenge.  Essentially,  we  had 
to  develop  an  entirely  new  numerical  BPM  algorithm,  which  is  capable  to  account  for  a  full  birefringence 
(i.e.  to  account  for  oil  nine  dielectric  perturbation  terms)  including  linear  and  circular  birefringence.  As 
such,  this  method  has  a  more  universal  significance  since  it  can  be  applied  to  any  anisotropic  electro¬ 
magnetic-wave  propagation  problem  in  general.  It  would  be  too  cumbersome  to  describe  this  method  in 
detail  in  this  Report,  but  we  are  currently  developing  a  full  paper  on  this  topic  that  we  are  planning  to 
publish  in  the  future.  At  present,  details  of  this  method  can  only  be  found  in  a  public  domain  in  Xiuquan 
Ma's  Thesis  (2011),  available  at  the  University  of  Michigan. 

CCC  Fiber  Fobricotion  Development  and  CCC  Fiber  Technology  Commercialization,  Demonstration  of  CCC 
Fiber  Based  Components  for  Monolithic  Integration 

Another  important  outcome  of  the  program  is  that  fabrication  of  these  novel  fiber  structures  has  been 
performed  by  several  commercial  fiber  manufacturers  and  a  company  Arbor  Photonics  has  been 
established  as  a  spin-off  from  the  University  of  Michigan  to  commercialize  CCC  fibers  and  CCC  fiber 
based  laser  systems.  This  had  established  a  pathway  for  this  technology  from  university  laboratory  to 
practical  use  in  a  diversity  of  applications.  Overall,  CCC  fibers  have  been  successfully  fabricated  by  four 
different  commercial  fiber  manufacturers,  each  using  very  different  fiber  fabrication  approaches.  Two  of 
these  manufacturers  have  been  engaged  in  this  program.  The  first  one  is  Nufern,  which  was  successful 
in  demonstrating  the  very  first  35pm  core  single-mode  CCC  Ge-doped  and  Yb-fibers  using  conventional 
MOCVD  fiber-preform  technology.  Crystal  Fibre  was  primarily  engaged  in  the  second  half  of  the  project, 
partly  due  to  the  superior  precision  and  great  flexibility  achievable  with  their  fabrication  processes,  but 
most  importantly,  due  to  their  ability  to  produce  transversely  and  longitudinally  homogeneous  fiber 
performs  of  very  large-core  fibers,  using  multiple-rod  stacking  techniques.  Note  that  Arbor  Photonics 
had  developed  additional  commercial  suppliers  of  CCC  fibers  to  these  two. 
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Success  of  implementing  large-core  CCC  fibers  with  robust  single-mode  performance  was  achieved 
primarily  due  to  very  close  interactions  between  University  of  Michigan  and  each  of  the  fiber 
manufacturers.  For  example,  interaction  with  Crystal  Fibre  was  organized  around  biweekly 
teleconferences  each  reviewing  progress  and  technical  results  of  each  perform  and  fiber  fabrication 
step.  On  one  hand,  this  allowed  the  fiber  design  team  at  UofM  to  closely  monitor  the  actual  fiber 
parameters  and  to  take  any  design-corrective  action  immediately  as  need  for  it  occurred  during  the 
fabrication  process.  On  other  hand,  this  close  monitoring  of  fiber  fabrication  process  provided  with  a 
detailed  insight  into  what  type  of  control  and  precision  is  achievable  during  fabrication,  thus  leading  to 
new  and  highly  successful  design  solutions  optimized  with  respect  to  the  actual  fiber  fabrication  process. 
For  example,  multiple  side  design  allows  dramatically  reducing  required  tolerances  for  the  side-center 
core  separation  and  relative  positions.  It  turned  out  that  the  choice  of  8  sides  vs  one  side  does  not 
produce  any  added  significant  difficulty  or  cost  increase  to  the  fiber  fabrication  process,  while  relaxation 
of  the  positioning  tolerances  greatly  facilitates  reproducibility  of  each  design  and  substantially  reduces 
fabrication  risks. 

Since  the  main  appeal  of  the  all-glass  and  robustly  single-mode  large  core  CCC  fibers  is  in  enabling 
monolithic  integration,  we  also  demonstrated  monolithic  all-fiber  components  using  CCC  fibers.  This  has 
been  done  primarily  through  the  collaboration  with  Arbor  Photonics.  This  includes  demonstration  of 
monolithic  pump  combiners  with  35pm  core  CCC  fiber  throughput  and  CCC  fiber  pigtailed  optical 
isolators,  both  produced  by  commercial  suppliers. 

Demonstration  of  ~600W  SBS-free  35/um  Core  CCC  Based  Fiber  MOP  A  System 

Within  this  program  a  variety  of  different  fiber  lasers  have  been  demonstrated  using  fabricated  double- 
clad  Yb-doped  CCC  fibers.  The  most  relevant  with  respect  to  the  objectives  of  the  program  was  the 
~600W  single-frequency  SBS-free  fiber  MOPA  demonstration,  since  it  directly  shows  suitability  of  CCC 
fibers  for  high-power  single-frequency  building  blocks  for  coherently-combined  fiber  laser  arrays. 

Spectral  width  of  an  output  from  each  individual  laser  channel  in  a  coherently-combined  fiber  laser 
array  determines  its  coherence  length.  Fiber  length  mismatch  between  parallel  fiber  laser  channels  has 
to  be  much  shorter  than  the  coherence  length,  thus  constraining  spectral  linewidth  of  each  fiber  channel 
in  the  coherently  combined  array  to  a  few  GHz  at  most  [14,  15].  It  is  generally  recognized  that  narrow- 
linewidth  requirement  constitutes  the  most  difficult  challenge  since  power  of  such  narrow-  bandwidth 
signals  is  limited  by  SBS,  whose  gain  coefficient  is  more  than  two-orders  of  magnitude  larger  than  of  SRS 
(the  limiting  nonlinearity  for  broad-band  signals)  [16]. 

With  present  fiber  technology  monolithically-integrated  systems  can  only  be  implemented  using 
conventional  LMA  fibers,  limited  to  ~25pm  core  diameter  if  single-mode  operation  has  to  be  maintained 
[17].  As  it  has  been  shown  experimentally  [17]  SBS-limited  single-frequency  («  than  SBS  bandwidth  of 
~40MHz)  operation  in  a  monolithic  25pm  core  LMA  system  is  limited  to  only  100W  -  200W  level.  SBS 
onset  can  be  mitigated  by  spectrally-broadening  laser  signal  using  EO  phase  modulation.  SBS-limited 
laser  power  then  can  be  increased  over  the  single-frequency  limit  approximately  proportionally  to  the 
ratio  between  modulation  bandwidth  and  SBS  bandwidth  [16].  For  fiber  laser  systems  based  on 
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conventional  25pm  LMA  such  spectral  modulation  allowed  to  reach  up  to  ~lkW  of  output  power  at 
several  GHz  linewidths  [17],  approximately  the  largest  bandwidth  still  compatible  with  coherent 
combining.  It  is  clear,  however,  that  the  SBS-limited  power  scalability  each  fiber-array  "building  block"  is 
fundamentally  determined  by  the  SBS  threshold  of  a  single-frequency  signal. 

Our  work  focused  on  exploring  the  highest  achievable  SBS-free  single-frequency  cw  laser  power.  Prior 
to  this  high-power  work  all  fabricated  double-clad  CCC  fiber  geometries  had  250pm  diameter  polymer- 
coated  (NA  =  0.45)  cladding,  small  size  of  which  significantly  limited  pump  powers  that  could  be  coupled 
into  it.  To  overcome  this  limitation  we  had  fabricated  two  different  Yb-doped  CCC  fiber  double-clad 
geometries,  all  optimized  for  high  power  pumping.  One  is  400pm  diameter  polymer-clad  (NA  =  0.45) 
fiber,  and  another  is  260pm  diameter  air-clad  (NA  =  0.6)  structure.  Cross  section  examples  of  these  two 
geometries  are  shown  in  Fig.  16.  These  two  double-clad  geometries  had  been  selected  in  order  to  match 
the  brightness  of  the  multi-kW  pump  sources  that  were  available  for  this  program.  As  it  is  described  in 
greater  detail  in  the  Fraunhofer  USA  section  of  the  Final  Report,  for  this  experiment  we  had  six  high¬ 
brightness  pump  diodes,  with  individual  power  between  300W  and  600W  and  each  coupled  into  200pm 
diameter  and  NA  =  0.2  delivery  fiber.  We  have  fabricated  in  the  University  of  Michigan  laboratory  a 
close-packed  seven-fiber  array  bundle  for  pumping  the  CCC  fiber,  each  fiber  in  the  bundle  is  spliceable 
to  a  pump-diode  delivery  fiber,  thus  providing  with  up  to  2.1kW  of  total  pump  power  that  could  be 
focused  into  400pm  spot  size  with  less  than  0.45NA  or  into  ~260pm  spot  size  with  less  than  0.6NA,  i.e. 
compatible  with  both  fabricated  double-clad  geometries.  This  allows  us  to  use  up  to  ~2.1kW  of  total 
pump  power  with  either  of  the  two  double-clad  geometries. 


400pm  polymer 
double-clad 
Yb-dapedCCC  fiber 


260pm  air-clad 
double-clad 
Yb-dapedCCC  fiber 


Fig.  16.  Cross-sections  of  a  400pm  diameter  polymer-clad  (NA  =  0.45)  and  260pm  diameter  air  clad  (NA 

=  0.6)  fibers. 

Our  choice  of  these  two  double-clad  geometries  was  due  to  our  interest  to  explore  and  compare  their 
performance  at  high  pumping  powers.  Polymer-clad  DC  structures  offer  better  heat  removal  from  a  fiber 
compared  to  air-clad  structures,  where  the  air-gap  at  the  boundary  between  the  inner  and  outer 
cladding  constitutes  a  significant  thermal  barrier  [18].  However,  standard  fluoro-acrylate  polymer 
coating  for  pump-power  guiding  should  be  used  at  fiber  surface  temperatures  below  80°C,  while  the 
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outer  protective  coating  of  an  airclad  fiber  can  withstand  up  to  200°C.  Consequently,  air-clad  fiber  could 
be  operated  at  much  shorter  lengths  and  much  higher  longitudinal  thermal  gradients,  both  factors 
contributing  to  increasing  the  SBS-free  output  power.  This  consideration  explains  the  difference  in  the 
pump  cladding  size  for  the  two  DC  geometries.  Indeed,  polymer-clad  400pm  diameter  fiber  at  975nm 
pump  wavelength  has  cladding  absorption  of  ~4.5dB/m,  while  the  absorption  of  260pm  diameter  air- 
clad  is  ~9dB/m.  For  a  typical  kW-pumped  power-amplifier  geometry  used  in  laboratory  experiments  this 
leads  to  approximately  4-6  m  long  polymer-clad  and  2-3  m  long  air-clad  CCC  fibers. 

The  CCC  core  structures  were  identical  for  both  polymer-clad  and  air-clad  fibers,  with  Yb/AI  doped 
central  core  size  of  37.2pm  (MFD  =  30pm)  and  NA  =  0.069,  Ge-doped  side-core  size  9.8pm  and  NA  = 
0.089,  side-core  to  central-core  separation  of  3.5pm  and  helix  period  of  6mm.  Predicted  SBS-free  power 
performance  for  this  CCC  fiber  core  in  counter-pumped  amplifier  configuration  is  shown  in  Fig.  17.  This 
figure  shows  SBS  threshold  for  a  single-frequency  amplified  signal  as  a  function  of  fiber  amplifier  length 
for  three  different  amplifier  gain  values  of  20dB,  25dB  and  30dB.  Examination  of  this  figure  indicates 
that  for  2m  to  3m  long  air-clad  CCC  amplifier  this  single-frequency  SBS  threshold  could  be  in  the  600W 
to  lkW  range,  depending  on  the  exact  value  of  the  amplifier  gain.  Note  that  this  calculation  does  not 
include  any  effects  associated  with  a  longitudinal  temperature  distribution  in  the  amplifer,  resulting 
from  longitudinally-varying  thermal  load  due  to  the  pump  absorption.  As  it  is  well  known  [19] 
longitudinal  temperature  variation  shifts  local  SBS  stokes-wave  frequency  thus  further  increasing  SBS 
threshold.  This  simple-model  prediction  was  consistent  with  the  results  obtained  in  the  actual 
experiment. 


Fig.  17.  SBS  threshold  dependence  vs  fiber  amplifier  length  in  a  counter-pumped  30pm  MFD  core  CCC 

amplifier  for  different  signal  total-gain  values. 

Experimental  Setup  for  single  frequency  CW  power  scaling  with  CCC  fiber  is  shown  in  Fig.  18.  It  consists 
of  a  single-frequency  DBR  laser  diode  source  operating  at  1064nm  (Sacher  Lasertechnik  TEC  50  that  has 
been  provided  by  collaborators  in  this  program  from  NGC  (J.  Rothenberg) ),  one  stage  single  mode  PM 
fiber  pre-amplifier,  one  5m  long  CCC  Yb-doped  double  clad  fiber  preamplifier  with  35um  core,  250um 
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cladding  and  the  last  power  amplification  stage  using  CCC  Yb-doped  airclad  fiber.  Narrow  bandpass 
filters  are  placed  in  between  the  stages  to  suppress  ASE  buildup.  We  used  up  to  2.2W  signal  power  from 
CCC  pre-amplifier  to  seed  the  2.7m  long  CCC  power  amplifier.  One  wedge  is  placed  before  the  final  CCC 
power  amplification  stage  to  monitor  the  counter  propagating  signal  in  order  to  determine  the  onset  of 
the  SBS  scattering.  The  final  CCC  power  amplification  stage  is  counter  pumped  with  a  pump  combiner 
bundle  consists  with  three  976nm  fiber-pigtailed  pump  diodes  spliced  in.  All  six  diodes  were  not  used 
here  since  in  this  amplifier  output  power  amplifier  was  limited  by  the  fiber  surface  damage,  not  the 
pump  power. 


Fig.  18.  Experimental  setup  of  counter-pumped  high  power  single-frequency,  single-transverse  mode 

and  robust  output  polarization  CCC  fiber  MOPA 

Amplified  power  results  for  the  counter-pumped  amplifier  configuration  are  shown  in  Fig.  19.  Output 
power  is  plotted  vs  absorbed  power  since  the  pump  diode  wavelength  was  strongly  varying  with  pump 
current  from  ~966nm  at  low  pumping  to  ~974nm  at  high  pumping.  Power  amplifier  slope  efficiency  is 
70%  for  2.2W  seed  signal  at  the  power  amplifier  input.  Insert  in  the  Fig.  19  shows  expanded-scale  plot  of 
the  counter-propagating  (against  amplified  signal)  power  (measured  at  the  SBS-monitoring  port  at  the 
power  amplifier  input)  as  a  function  of  MOPA  output  power.  One  can  see  that  up  to  maximum  511W 
output  achieved  in  this  experiment  no  SBS  onset  has  been  observed,  indicating  potential  for  further 
average  power  scaling  of  single-frequency  signal.  Measured  M2  value  of  the  output  beam  is  1.19±0.06, 
verifying  single-mode  performance  of  the  system.  Note  that  the  output  beam  was  not  changing  with  the 
power-amplifier  input  misalignment,  indicating  that  single-mode  performance  was  intrinsic  to  the  fiber 
and  not  the  result  of  single-mode  excitation.  Also  note  that  in  this  case  we  used  M2  measurement  to 
determine  output  beam  quality  as  opposed  to  the  more  rigorous  methods  described  earlier.  The  reason 
is  that  the  amplifier  is  operating  with  a  narrow-linewidth  output,  incompatible  with  the  S2  based 
measurements  of  modal  content.  Output  polarization  of  CCC  fibers  has  been  shown  to  be  robust  against 
temperature  and  mechanical  perturbations  of  the  CCC  fiber  amplifier  [8].  As  shown  in  Fig.  20  linearly 


27 


polarized  output  was  preserved  at  the  output  of  the  MOPA  system  with  PER  of  >15dB  for  all  PER 
measurements  performed  in  the  power  range  of  up  to  200W  of  output  power.  No  higher  powers  were 
tested  due  to  the  imitations  in  the  PER  measurement  setup  at  that  time. 


Absorbed  Pump  Power  (W) 


Fig.  19.  SBS-free  output  power  from  a  counter-pumped  air-clad  CCC  fiber  amplifier.  MOPA  output  power 
is  marked  with  green  markers  and  counter-propagating  signal  for  monitoring  SBS  presence  or  absence  is 
marked  with  red  markers.  Insert  shows  the  expanded-scale  view  of  this  monitoring  signal  plotted  vs  the 
amplified  single-frequency  signal  power.  Linear  dependence  indicates  absence  of  SBS  onset  in  the 

measured  power  range  (up  to  511W) 

Achieved  output  power  of  511W  in  this  amplifier  was  limited  by  the  surface  damage  systematically 
occurring  as  soon  as  we  would  reach  this  power  level.  The  issue  was  that  the  air-clad  pump  end  did  not 
have  an  end-cap,  a  standard  technique  to  protect  the  fiber-end  facet  from  the  surface  damage  [20].  The 
main  challenge  was  to  produce  an  end-cap  that  would  (i)  provide  a  geometry  in  which  pump  light  could 
be  coupled  into  the  inner  pump  cladding  and  (ii)  splicing  of  the  end-cap  would  not  disturb  air-clad 
interface  for  pump  light  transmission.  To  overcome  this  challenge  we  explored  various  end-cap 
approaches  for  this  air-clad  fiber,  two  of  them  shown  in  the  Fig.  21.  In  the  first  approach,  shown  on  the 
left-hand  of  the  figure,  issues  (i)  and  (ii)  are  addressed  by  using  tapered  end-cap  so  that  the  pump  beam 
could  directly  couple  into  the  inner  air-clad  cladding.  This  taper  has  been  produced  by  splicing  with  a 
conventional  telecom-type  splicer  a  melted-glass  ball  to  the  end  of  the  fiber  and  then  polishing  the 
output  surface  at  an  angle  to  prevent  Fresnel-reflection  back-coupling  of  the  signal  into  the  fiber  core. 
This  geometry,  however,  has  two  limitations.  The  ball  end  cap  could  be  made  only  rather  short  (only  a 
few  hundred  micrometers  long),  which  proved  to  provide  an  insufficient  protection  from  the  surface 
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damage  of  the  fiber.  Also,  the  air-clad  interface  would  be  melted  few-hundred  microns-deep  into  the  DC 
fiber,  thus  causing  pump  light  scattering  into  the  outer  cladding,  which  was  coated  with  the  protective 
polymer.  We  found  that  though  the  amount  of  scattered  light  was  only  on  the  order  of  few  percent,  but 
at  kW  input  pump  powers  this  would  constitute  sufficient  leaked-pump  power  to  burn  the  outer 
protective  polymer  coating  or  the  mounting  adhesive  of  the  fiber. 
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Fig.  20.  Degree  of  polarization  from  a  counter-pumped  CCC  fiber  amplifier  as  a  function  of  output  power 

The  second  approach,  shown  on  the  right-hand  side  of  the  Fig.  21,  was  based  on  using  a  C02  laser  beam 
to  splice  the  fiber  to  the  bulk  fused-silica  piece  to  provide  with  a  long  end-cap.  To  avoid  fusing  air-clad 
interface  in  the  splicing  zone,  which  would  serve  as  a  similar  scattering-barrier  for  the  pump  beam  as  in 
the  previously  described  ball-cap  geometry,  we  removed  a  short  section  (~lmm)  of  an  outer  cladding 
from  the  air-clad  structure,  as  shown  in  the  figure.  In  the  end,  this  approach  also  turned  out  to  be  of 
limited  use  in  high-power  pumping  since  the  air-clad  removal  would  always  produce  a  jagged-surface 
making  the  fiber  extremely  sensitive  to  any  transverse  pressure.  The  jagged-surface  essentially  would 
serve  as  a  source  of  cracks,  which  would  easily  propagate  through  the  fiber  under  any  perturbation, 
producing  an  unwanted  cleaving  of  the  fiber. 

Consequently,  since  the  counter-pumped  configuration  of  this  air-clad  fiber  was  limited  by  the  surface 
damage  at  the  pumped-end  facet,  we  continued  experiments  with  the  co-pumped  configuration  in 
which  un-pumped  output  was  end-caped  to  prevent  damage  at  high  output  powers  and  pumped  fiber 
end  through  which  the  amplifier  was  also  seeded  was  left  without  an  end-cap.  Although  in  general  co¬ 
pumping  leads  to  longer  effective  propagation  length  in  an  amplifier  and,  consequently,  to  lower  SBS 
threshold,  but  in  this  case  we  found  that  the  strong  longitudinal  temperature  distribution  along  the  fiber 
increased  SBS  threshold  to  a  degree  that  completely  offset  the  SBS  threshold  reduction  due  to  the 
effective-length  increase  in  this  pumping  configuration.  Result  of  the  co-pumped  configuration  power 
scaling  is  shown  in  Fig.  22,  showing  that  approximately  600W  SBS-free  output  power  of  amplified  single¬ 
frequency  signal  has  been  reached.  Again,  we  could  not  reach  the  SBS-limited  power  due  to  the  facet 
damage,  this  time  at  the  un-protected  seeded  and  pumped  end  of  the  fiber.  It  was  somewhat  surprising 
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that  this  damage  still  occurred.  We  attribute  that  to  the  fact  that  core-air  interface  at  the  fiber  end  got 
really  hot  due  to  high  heat  load.  This  is  consistent  with  our  thermal  simulations,  which  show  that  air  clad 
fibers  are  in  general  susceptible  to  elevated  in-core  temperatures  due  to  the  significant  thermal  barrier 
at  the  air-cladding  interface.  Consequently,  even  though  we  increased  output  power  further  than  in 
counter-pumped  case,  but  limitations  of  the  air-clad  geometry  did  not  allow  reaching  fiber-core-size 
limited  performance. 

Tapered/ball  end-cap:  Bulkfused-silica  block  end-cap: 


Removed  air-clad 


Fig.  21.  Two  examples  of  end-cap  geometries  for  pump-end  air-clad  fibers.  The  left-hand  figure  shows  a 
ball  end  cap,  which  allows  the  pump  beam  to  be  coupled  directly  into  the  inner  cladding.  The  right-hand 
figure  shows  bulk-silica  end  cap  which  also  allows  to  couple  pump  light  directly  into  the  inner  cladding, 
but  also  allows  achieving  much  longer  end-cap  lengths,  thus  permitting  significant  increase  in  the 
output-signal  beam  size,  which  is  expanding  after  leaving  the  central  core. 

We  also  explored  use  of  400pm  polymer  clad  CCC  fibers.  For  these  fibers  we  could  use  standard  end-cap 
geometry  with  a  core-less  400pm  diameter  fiber  (exactly  matching  the  pump-cladding  size)  spliced  onto 
the  DC-fiber  end  using  a  conventional  fusion  slicer,  exploiting  the  fact  that  CCC  structure  is  air-hole  free. 
However,  the  limitation  we  encountered  there  was  associated  with  the  circular  shape  of  the  pump- 
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cladding.  Previously,  for  250|im  cladding  size  of  CCC  fibers  we  found  that  the  standard  approach  of 
breaking  helical  pump-ray  paths  in  the  cladding  through  octagonal-shaped  cladding  was  not  necessary. 
For  this  smaller  cladding  size  side-core  of  the  CCC  structure  would  produce  sufficient  modal  mixing  in 
the  cladding  ensuring  that  all  pump  rays  cross  the  central  core  and,  therefore,  are  efficiently  absorbed. 
Based  on  that  experience  we  did  not  introduce  octagonal  shape  for  400pm  cladding.  Unfortunately,  we 
found  that  due  to  the  large  cladding  size  modal  mixing  due  to  CCC  structure  becomes  insufficient. 
Complete  pump  absorption  could  in  this  large-cladding  could  only  be  achieved  with  high-brightness 
pump  beams  with  NA  =  0.2.  For  lower-brightness  pump  beams  with  NA  ~0.45  up  to  half  of  the  pump 
power  would  remain  unabsorbed  inn  this  DC  fiber.  Consequently,  400pm  polymer  clad  fibers  were 
pump  power  limited  by  the  maximum  available  power  of  up  to  ~600W  from  200pm  0.2NA  pump 
delivery  fiber  available  for  the  experiments  at  that  time,  corresponding  to  only  up  to  ~400W  of 
achievable  single-frequency  output  power  from  a  400pm  clad  CCC  fiber  MOPA. 
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Absorbed  Pump  Power  (W) 


Fig.  22.  SBS-free  output  power  from  a  co-pumped  air-clad  CCC  fiber  amplifier.  MOPA  output  power  is 
marked  with  blue  markers  and  counter-propagating  signal  for  monitoring  SBS  presence  or  absence  is 
marked  with  red  markers.  Insert  shows  the  expanded-scale  view  of  this  monitoring  signal  plotted  vs  the 
amplified  single-frequency  signal  power.  Linear  dependence  indicates  absence  of  SBS  onset  in  the 

measured  power  range  (up  to  ~600W) 

In  Fig.  23  this  single-frequency  CCC  amplifier  result  is  compared  with  other  state-of-the  art 
achievements  in  the  field.  One  can  see  that  the  demonstrated  single-mode  and  linearly-polarized  power 
is  the  highest  among  all  reported  narrow-linewidth  power  scaling  results,  for  the  bandwidths  below  the 
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SBS  gain  bandwidth.  Note,  however,  that  the  achieved  result  has  not  been  limited  by  the  SBS  threshold 
in  37|im  CCC  core,  but  rather  by  the  above  described  limitations  coming  from  the  specific  issues  in  each 
of  the  two  double-clad  structure  designs.  One  important  conclusion  was  that  an  air-clad  geometry  is 
highly  disadvantageous  in  that  it  is  very  difficult  to  implement  into  any  practical  fiber  laser  system. 

Based  on  the  gained  experience  we  designed  next  iteration  Yb-doped  CCC  55pm  core  fibers  as  triple- 
clad  structures  described  in  the  earlier  sections  of  this  report,  containing  an  octagonal  all-glass  inner 
cladding  with  0.2NA  and  round  polymer-coated  outer  cladding  with  0.45NA.  Such  structure  ensures 
effective  modal  mixing  for  all  pump  rays  within  both  claddings.  Note  that  the  octagonal  inner  cladding  is 
also  rotating  with  the  helix  period  of  the  CCC  structure,  thus  further  facilitating  pump  mixing.  This  triple- 
clad  structure  retains  all  the  advantages  inherent  in  all-glass  CCC  structure  in  that  it  can  be  fusion  spliced 
using  standard  equipment.  Triple  clad  not  only  ensures  complete  pump  absorption,  but  also  confines 
large  fraction  of  the  pump  power  with  all-glass  inner  cladding,  thus  reducing  outer-polymer  coating 
exposure  to  high  optical  intensities  at  multi-kW  pump  powers. 


Signal  linewidth,  Hz 


Fig.  23.  Summary  of  the  State-of-the-Art  results  in  narrow-linewidth  SBS-free  power  scaling  with  fiber 
amplifiers.  Red  dashed  line  indicates  approximate  SBS  bandwidth.  Marker  P  stands  for  the  results  with 
linearly  polarized  output  and  encircled  cross  stands  for  those  with  the  un-polarized  output. 
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Demonstration  of  Other  Fiber  Laser  Systems  Based  on  CCC  Fibers 

Variety  of  different  fiber  laser  configurations  including  nanosecond  pulsed  millijoule  energy  MOPA  with 
up  to  140W  average  power  output  and  200W  average  power  femtosecond  pulse  FCPA  have  been 
demonstrated  based  on  CCC  fibers.  These  systems  have  been  described  in  detail  in  2009  and  2009 
Annual  Reports  and  therefore  will  not  be  repeated  here. 

Other  Functionalities  in  CCC  Fibers:  Demonstration  of  SRS-Suppression  in  CCC  Fibers 


We  also  have  shown  that  functionality  of  CCC  fibers  extends  well  beyond  just  increasing  the  single-mode 
core  size.  We  have  demonstrated  that  spectral  transmission  characteristics  of  CCC  fibers  can  be  tailored 
in  such  a  way  that  it  can  be  used  to  suppress  Stimulated  Raman  Scattering  by  designing  fibers  with  loss- 
free  transmission  at  the  signal  wavelength  and  large  loss  at  the  Stokes  wavelength  corresponding  to 
Raman  gain  bandwidth.  Two  illustrative  examples  of  such  tailored  CCC  transmission  spectrum  matching 
the  SRS  gain  bandwidth  are  shown  in  Fig.  24,  representing  6m  long  33-pm  core  and  4m  long  60-pm  core 
spectrally-tailored  CCC  fiber  characteristics.  One  can  observe  from  these  two  figures  that  the  designed 
CCC  fiber  transmission  spectrum  matches  the  spectral  profile  of  SRS  gain  coefficient  in  fused  silica 
material  [1]  for  pump  wavelengths  at  around  1085nm  and  1040nm  respectively.  In  Fig.  24  (a),  Stokes- 
wave  peak  loss  at  the  peak  of  the  Raman  gain  is  ~30dB,  while  in  Fig.  2  (b),  the  estimated  Raman- 
suppressing  Stokes-wave  peak  loss  is  as  high  as  45dB. 


(a) 


(b) 


Fig.  24.  (a)  The  33um-core  CCC  fiber  sample's  transmission  spectrum  (red  line)  from 
1087nm~1246nm  and  corresponding  vertical  axis  on  the  right  is  shown  to  match  the 
Raman  Stokes  gain  spectrum  (black  line)  for  pump  wavelength  at  1087nm.  (b)  The 
60um-core  CCC  fiber  sample's  transmission  spectrum  (red  line)  from 
1037nnrrl097nm  and  corresponding  vertical  axis  on  the  right  is  shown  to  match  the 
Raman  Stokes  gain  spectrum  (black  line)  of  pump  wavelength  at  1040nm.  Both 
figures  are  plotted  as  a  function  of  wavelength  and  vertical  axis  on  the  left  indicates 
Raman  gain  coefficient  value  for  different  wavelengths. 


33 


Transmission  (dB) 


Results  of  experimentally  demonstrated  SRS  suppression  in  6m  long  33pm  core  CCC  fiber  are  shown  in 
Fig.  26  and  Fig.  27.  The  measured  output  spectra  recorded  after  the  test  fiber  for  1052nm  (Fig  26  (a)) 
and  1087nm  (Fig.  26  (b))  signals  show  the  evolution  of  the  output  spectra  versus  different  pumping  peak 
powers  at  the  two  selected  pump  wavelengths  respectively.  We  tested  both  these  cases  for  input  (into 
the  test  fiber)  peak  powers  of  up  to  30kW.  Significant  difference  in  the  measured  spectral  characteristics 
is  easy  to  observe  here,  indicating  significant  SRS  growth  for  1052nm  pumping  and  complete  absence  of 
observable  SRS  for  1087nm  pumping.  To  quantify  this  difference  we  have  integrated  the  spectral  power 
of  the  total  measured  spectrum  and  at  the  wavelengths  longer  than  the  signal  wavelength  by  20nm  for 
both  signal  wavelengths  in  Fig.  26  (a)  and  (b).  The  obtained  fraction  of  the  power  in  the  long-wavelength 
portion  with  respect  to  the  total  power  is  plotted  for  both  signals  in  Fig.  27.  This  clearly  shows  that  SRS  is 
indeed  suppressed  at  all  tested  peak  powers  by  the  tailored  loss  profile  of  this  CCC  fiber,  while  without 
suppression  SRS  power  appears  to  grow  starting  from  few-kW  peak  powers.  Note  that  one  can  also 
observe  in  Fig.  26  some  amount  of  spectral  broadening  associated  with  non-phase-matched  four-wave¬ 
mixing  in  the  test  fiber.  Interestingly,  this  FWM  induced  spectral  broadening  also  appears  to  be 
suppressed  for  1087nm  pumping  due  to  the  fact  that  this  signal  is  "sandwiched"  between  two  spectral 
transmission  "dips". 
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Fig.  26.  Output  Spectrum  versus  coupled  input  peak  power,  (a)  1052nm  pump  wavelength  with 

7nm  bandwidth,  (b)  1087nm  pump  wavelength  with  4nm  bandwidth.  The  inset  shows  the 
transmission  spectrum  of  the  tested  CCC  fiber.  In  both  figures  series  of  curves  corresponds  to 
the  peak  power  of  signal  pulses  increasing  from  lkW  progressively  to  ~30kW. 
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Coupled  Peak  Power  (KW) 

Fig.  27.  The  power  fractions  of  the  integrated  components  according  to  wavelength 
longer  than  1075  nm  in  Fig  26  (a)  and  the  integrated  components  according  to 
wavelengths  longer  than  lllOnm  in  Fig  26  (b)  versus  coupled  peak  power. 
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Fig.  28.  Output  Spectrum  versus  coupled  input  peak  power  measured  for  the  4m  60pm  core  CCC  test 
sample,  (a)  1060nm  pump  wavelength  with  7nm  bandwidth,  (b)  1040nm  pump  wavelength  with  4nm 
bandwidth.  The  inset  shows  the  transmission  spectrum  of  the  tested  60pm  CCC  fiber. 


Similarly,  the  4m  long  60pm-core  CCC  fiber  sample  was  tested.  The  measured  output  spectra  recorded 
after  the  test  fiber  for  1060nm  (Fig  28  (a))  and  1040nm  (Fig.  28  (b))  signals  show  the  evolution  of  the 
output  spectra  versus  different  pumping  peak  powers  at  the  two  selected  pump  wavelengths 
respectively.  For  the  experiment  of  1060nm  pumping,  the  peak  powers  coupled  into  the  fiber  is  up  to 
80kW,  while  for  1040nm  pumping,  the  coupled  peak  power  is  up  to  140kW.  The  difference  of  these  two 
power  level  is  due  to  the  varied  achievable  gain  in  Yb-doped  fiber  amplifiers.  Significant  SRS  growth  for 
1060nm  pumping  and  effective  suppression  of  SRS  suppression  for  1040nm  pumping  was  clearly 
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observed.  To  quantify  this  difference  we  have  integrated  the  spectral  power  of  the  total  measured 
spectrum  and  at  the  wavelengths  longer  than  the  signal  wavelength  by  35nm  for  both  signal 
wavelengths  in  Fig.  28  (a)  and  (b).  The  obtained  fraction  of  the  power  in  the  long-wavelength  portion 
with  respect  to  the  total  power  is  plotted  for  both  signals  in  Fig.  29.  Again,  this  clearly  shows  that  SRS  is 
indeed  suppressed  at  all  tested  peak  powers  by  the  tailored  loss  profile  of  this  CCC  fiber,  while  without 
suppression  SRS  power  appears  to  grow  starting  from  45-kW  peak  powers. 


Coupled  Peak  Power  (kW) 

Fig.  29.  The  power  fractions  of  the  integrated  components  for  wavelengths  longer  than 
1095  nm  in  Fig  28  (a)  and  the  integrated  components  for  wavelengths  longer  than 
1075nm  in  Fig  28  (b)  versus  coupled  peak  power. 

Such  SRS  suppression  together  with  general  decrease  in  effective  fiber-core  nonlinearity  due  to  the  large 
modal  size  can  significantly  facilitate  high  power  broad-band  signal  generation  and  delivery  in  multi-kW 
systems.  SRS  threshold  is  recognized  as  the  dominant  factor  limiting  the  achievable  or  fiber-deliverable 
cw  or  pulsed  power  in  broad-band  systems.  As  we  have  shown  theoretically  [21]  Stokes-wave 
suppression  provides  with  length-independent  SRS  threshold  (for  long  fiber  lengths).  Consequently,  it 
enables  long  fiber  amplifier  or  laser  lengths,  which  can  significantly  facilitate  heat  dissipation  in  multi- 
kW  pumped  systems.  Furthermore,  length  independence  of  SRS  threshold  in  combination  with  high  SRS- 
threshold  power  values  in  these  large-core  fibers  can  be  particularly  useful  for  long-fiber  delivery  of 
multi-kW  optical  power.  For  example,  from  Fig.  28  and  Fig.  29  one  can  estimate  that  cw  power  of  >50kW 
could  be  delivered  with  such  SRS  suppressing  60pm  core  CCC  fiber  with  lengths  from  4m  to  >10m. 

Summary  and  Future  Possibilities 

In  summary,  it  is  clear  that  the  demonstrated  large  core  single-mode  CCC  fiber  technology  enables  a 
significant  increase  in  achievable  cw  SBS-free  powers  in  parallel  fiber  amplification  channels  of  a 
coherently  combined  fiber  laser  array.  This  is  shown  in  Fig.  30  where  the  calculated  achievable  SBS- 
limited  output  power  is  plotted  as  a  function  of  a  fiber  amplifier  length  for  three  different  fiber  core 
sizes  and  for  two  different  signal  bandwidths.  Yb-doped  fiber  amplifier  gain  for  all  examples  is  assumed 
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to  be  20dB,  and  an  amplifier  is  counter-pumped  -  the  most  favorable  pumping  configuration  which 
increases  nonlinearity  threshold  by  a  factor  of  2  -  3  times  compared  to  a  co-pumped  configuration. 
Three  fibers  considered  here  are:  20pm  core  standard  LMA  used  in  all  standard  industrial  monolithically 
integrated  lasers  (black  lines),  38pm  core  CCC  used  in  our  experimental  power  scaling  demonstration 
described  in  this  report  (blue  lines),  and  60pm  core  CCC  fiber  that  has  been  demonstrated  at  the  end  of 
the  program  (red  lines).  The  two  sets  of  curves  correspond  to  single-frequency  signal  (with  signal 
bandwidth  Avsig  smaller  than  the  SBS  gain  bandwidth  AvSBs),  lower  set  of  three  curves,  and  1GHz  signal 
bandwidth,  upper  set  of  curves.  Note  that  the  plotted  results  are  consistent  with  the  previously 
described  37.2pm  core  CCC  power  scaling  results  as  well  as  reported  SBS-free  power  scaling  results  with 
20pm  -  25pm  core  LMA  Yb-doped  fibers.  The  main  result  that  is  evident  from  this  figure  is  that  the 
demonstrated  large  core  CCC  fibers  enable  single-frequency  power  scaling  into  >lkW  range,  and  for 
1GHz  bandwidth  signals  into  >10kW  per  laser  channel  range  (for  fiber  amplifier  lengths  from  few  meters 
and  up  to  ~10m,  consistent  with  the  heat  dissipation  constraints  put  on  the  fiber  length  at  multi-kW 
pumping).  This  is  a  significant  enhancement  of  the  technological  capability,  consistent  with  the  original 
program  objectives.  It  is  important  to  emphasize  that  the  demonstrated  CCC  fiber  technology  is 
completely  compatible  with  monolithic  integration,  a  crucial  requirement  for  practical  implementation 
of  a  multiple-channel  combined  fiber  laser  arrays. 
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Fig.  30.  Calculated  SBS-limited  output  power  achievable  with  20dB  counter-pumped  Yb-doped 
fiber  amplifiers  as  a  function  of  fiber  amplifier  length.  Calculation  results  are  given  for  three 
different  fibers  and  for  two  different  signal  linewidths,  as  indicated  in  the  figure. 
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As  for  the  future  outlook  for  the  CCC  fiber  technology  we  would  like  to  note  that  the  demonstrated 
single-mode  core  sizes  do  not  constitute  a  core-size  scaling  limit.  In  fact,  the  fabricated  55pm  core  fibers 
could  have  been  simply  scaled  up  to  larger  core  sizes  by  using  the  original  perform.  This  is  illustrated  in 
Fig.  31,  which  shows  an  example  of  numerically  simulated  modal  characteristics  of  an  85pm  CCC  fiber 
predicting  robust  single-mode  performance.  This  fiber  is  the  exact  copy  of  the  55pm  single-mode  core 
design,  which  has  been  described  earlier  in  the  report,  except  for  the  size  (proportional  increase  of  both 
central  and  side  cores  as  well  as  the  separation  between  them). 

85|im  core  CCC 


Wavelength, 


Fig.  31.  Calculated  modal  leakage-loss  for  85pm  core  CCC  fiber  designed  to  operate  in 
the  ~lpm  wavelength  range  of  Yb-doped  fibers,  indicating  the  predicted  effectively 
single-mode  performance.  This  example  corresponds  to  the  perform  geometry  which  is 
identical  to  the  actually  fabricated  55pm  core  CCC  fiber  that  has  been  demonstrated  to 
perform  robustly  single-mode. 

This  indicates  a  significant  further  potential  for  CCC  fiber  technology. 
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2.  Suppression  of  Stimulated  Brillouin  Scattering  in  Optical  Fibers  and  its 
Exploration 

Report  by  P.  Dragic 

Abstract/Executive  Summary 

UlUC's  contribution  to  this  program  has  resulted  in  13  published  journal  papers,  3  papers  still  in 
preparation  based  on  work  performed  during  the  program,  and  3  conference  presentations.  One  PhD 
and  one  MS  student  were  supported  as  part  of  this  program.  Two  undergraduate  researchers  were 
supported,  while  one  of  them  is  the  lead  author  of  one  of  the  papers  in  preparation.  He  is  currently 
applying  to  graduate  school  and  intends  to  study  the  area  of  Optics  and  Photonics.  This  program  also 
saw  two  cross-program  collaborative  efforts  (with  B.  Ward  formerly  at  the  Air  Force  Academy  and  J. 
Ballato  at  Clemson),  which  were  initiated  at  JTO  MRI  reviews  and  resulted  in  publications. 

Our  main  proposed  task  was  to  perform  basic  research  on  stimulated  Brillouin  scattering  (SBS)  and  on 
designs  for  its  suppression  in  large  mode  area  (LMA)  fibers.  We  contemplated  designs  that  utilized 
acoustic  profiling  methods.  However,  due  to  the  tight  manufacturing  tolerances  required  with  some 
designs,  especially  for  fibers  in  LMA  form,  precise  understanding  of  dopants'  effect  on  fiber  acoustic 
properties  was  necessary. 

We  found  that  the  literature  contained  little  or  no  empirical  data  that  could  be  trusted  for  use  in  fiber 
design.  Therefore,  in  order  to  confidently  design  compositional  profiles,  and  with  initial  feedback  from 
Nufern  about  the  difficulty  and  uncertainty  in  fabricating  these  designs,  we  tasked  ourselves  with 
improving  the  understanding  of  dopants  and  how  they  influence  the  basic  materials  properties  of  optical 
fibers. 

Then,  given  that  some  work  in  the  RIFL  program  resulted  in  fiber  designs  similar  to  those  already 
contemplated  for  this  program,  we  instead  investigated  glasses  whose  material  properties  are  desirable 
for  SBS  suppression.  This  leads  to  the  possibility  of  implementing  LMA  fibers  with  a  low  SBS  gain  that  is 
independent  of  the  core  diameter,  and  that  do  not  require  complex  acoustic  profiling.  Work  as  part  of 
this  program  has  led  to  a  number  of  firsts,  including  a  very  powerful  model  for  material  (bulk)  and 
waveguide  Brillouin  scattering.  Some  of  these  accomplishments  are  outlined  below. 

We  made  the  first-known  measurement  of  the  Brillouin  gain  spectrum  (BGS)  in  a  rare  earth-doped  fiber. 
Rare  earths  cause  a  large  broadening  of  the  BGS  and  a  reduction  of  the  Brillouin  gain.  We  found  a  rule- 
of-thumb  Brillouin  gain  coefficient  (BGC)  of  ~  1.5  x  10  11  m/W  in  a  'typical'  Al  co-doped  Yb  LMA  fiber,  to 
be  much  less  than  was  previously  reported. 

We  developed  a  model  that  calculates  the  Brillouin  gain  coefficient  (BGC)  as  a  function  of  dopant 
concentration.  This  resulted  in  a  new  explanation  of  the  'anomalous'  broadening  of  the  BGS  in  single 
mode  fibers  based  on  a  viscous  acoustic-wave  damping  model.  We  showed  that  the  viscosity  model  can 
be  used  in  a  variety  of  mode  solvers  to  predict  measured  BGS  and  BGC  very  accurately.  We  showed  that 
the  spectral  width  of  silica  in  fiber  form  is  not  anomalous,  but  instead  is  right  where  it  should  be.  This 
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led  to  an  explanation  of  the  dependence  of  the  Brillouin  spectral  width  on  acoustic  mode  number  in 
optical  fiber.  We  showed  that  the  model  can  be  expanded  to  100%  dopant  endpoints,  demonstrating 
the  'first-principle'  nature  of  the  model. 

Next,  we  demonstrated  the  model  of  the  BGS  and  BGC  expanded  to  ternary  glass  systems.  We  made 
the  first  in-fiber  observation  and  explanation,  to  the  best  of  our  knowledge,  of  a  breakdown  in  the 
'wavelength-squared  law'  of  the  Brillouin  spectral  width. 

Cross-program  collaborative  efforts  led  to  the  first  measurements  of  the  BGS  in  YAG-derived  fibers. 
During  this  program,  we  discovered  and  demonstrated  the  first  dopant  since  Al  that  increases  the 
acoustic  velocity  when  added  to  silica.  This  led  to  an  expanded  list  of  dopants  that  can  be  used  to 
accurately  design  optical  fiber  acoustic  properties.  We  also  made  the  first  Yb:YAG-derived  fiber 
amplifier  measurements. 

With  the  model  proving  to  be  very  powerful,  more  advanced  work  was  performed.  We  demonstrated 
the  first  accurate  simulation  of  temperature  and  strain-dependencies  of  any-order  acoustic  mode  for 
arbitrary  doping  profiles.  This  is  particularly  important  if  strain  or  temperature  distributions  are  to  be 
utilized  to  further  suppress  SBS  in  high  power  fiber  laser  systems.  We  also  provided  the  first  elucidation, 
to  the  best  of  our  knowledge,  of  the  photoelastic  constants  (ph  and  pi2)  of  bulk  P205. 

Other  work  was  performed  in  the  area  of  glass  defects  in  rare  earth  doped  optical  fibers.  We  showed 
that  the  presence  of  rare  earth  dopants  increases  the  concentrations  of  various  glass  defects  in  fiber. 
We  also  later  showed  that  the  rare  earths  are  coordinated  to  these  defects.  Finally,  we  found  that  the 
concentration  of  these  defects  depends  on  the  dopant,  and  may  explain  why  some  rare-earth  doped 
fibers  (such  as  Er-doped)  do  not  exhibit  photodarkening. 

We  believe  that  our  work  during  this  program  has  made  a  significant  contribution  to  the  understanding 
of  Brillouin  scattering,  and  how  dopants  can  be  applied  to  very  precisely  design  optical  fibers.  Our 
results  suggest  that  LMA  Yb-doped  optical  fibers  at  the  multi-kiloWatt  level  are  possible,  with  the 
correct  glass  composition.  Future  work  would  include  more  investigation  of  novel  materials  and 
dopants,  and  the  implementation  of  designs,  including  the  investigation  of  novel  fiber  fabrication 
methods  for  complex  and  advanced  glass  systems. 

Detailed  Narrative 

Investigation  of  stimulated  Brillouin  scattering  (SBS)  was  a  majority  part  of  the  contribution  by  the 
University  of  Illinois  at  Urbana-Champaign  (UIUC)  to  this  program.  Some  work  was  also  done  in  the  area 
of  optical  fiber  defects  in  rare  earth-doped  fibers.  Additionally,  some  system-level  ideas  were  advanced 
thanks  to  work  done  during  this  program.  A  detailed  description  of  the  work  performed  in  these  areas  is 
presented  in  this  section. 

A.  SBS 

Stimulated  Brillouin  Scattering  (SBS)  limits  maximum  achievable  optical  power  for  narrow-spectrum 
signals  in  fiber  optic  systems  [1,2].  Therefore,  suppression  of  SBS  is  crucial  for  the  realization  of  very 
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narrow  linewidth  (<  200MHz),  high  power  fiber  lasers.  A  conventional  method  to  suppress  SBS  is  to 
broaden  the  laser  spectrum  so  that  the  signal's  effective  linewidth  is  greater  than  that  of  the  Brillouin 
gain  spectrum  [3-5].  Assuming  Lorentzian  spectra,  the  Brillouin  gain  coefficient  (BGC)  gB  scales  with 
signal  bandwidth  according  to 


^  A  v  B 
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where  Avt  is  the  laser  linewidth,  AvB  is  the  Brillouin  linewidth  and  gB  is  the  Brillouin  gain  for  a  signal 
spectrum.  When  Avz  »Ars,  SBS  is  effectively  suppressed  and  other  nonlinear  effects,  such  as 

stimulated  Raman  scattering  (SRS)  with  a  significantly  higher  threshold  than  SBS,  set  the  power  limit. 
However,  this  SBS  suppression  method  is  not  always  suitable. 

Other  methods  based  on  the  acoustic  waveguide  properties  of  optical  fiber  have  also  been  proposed. 
For  example,  a  fiber  with  a  varying  core  size  in  an  acoustic  guiding  fiber  chirps  the  Brillouin  gain 
spectrum  and  reduces  the  peak  Brillouin  gain  constant  [6].  Varying  the  index  of  refraction  [7]  and 
inducing  varying  stresses  (or  temperature)  in  the  fiber  [8]  have  a  similar  effect  of  broadening  the 
Brillouin  gain  spectrum.  However,  to  achieve  a  large  degree  of  SBS  suppression,  these  techniques 
require  a  very  large  non-uniformity  along  the  fiber  length.  This  is  both  difficult  and  expensive  to 
implement,  and  can  negatively  influence  key  optical  properties. 

A  more  recent  method  based  on  manipulating  the  acoustic  wave-guiding  properties  of  optical  fiber 
through  reducing  the  acousto-optic  overlap  integral  by  1)  drawing  acoustic  waves  from  the  core  of  the 
fiber  to  an  outer  fiber  region  [9]  or  2)  manipulating  the  overlap  between  the  optical  and  acoustic  waves, 
both  confined  to  the  core,  to  be  much  reduced  [10].  These  were  methods  that  we  proposed 
investigating  as  part  of  this  program. 

One  way  or  another,  each  of  the  'fiber'  SBS-suppression  methods  described  in  the  previous  two 
paragraphs  requires  relatively  precise  knowledge  of  how  dopants  influence  the  SBS  characteristics  of  a 
fiber.  In  each  case,  fiber  design  can  be  implemented  utilizing  an  appropriate  arrangement  of  dopants 
that  have  known  properties  when  mixed.  Therefore,  in  order  to  determine  these  dopant  properties,  we 
first  developed  a  system  that  can  be  used  to  measure  the  Brillouin  gain  spectra. 

1.  Development  of  the  Experimental  Apparatus 


Bandpass 
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Circulator 


Fig.  1.  Final  apparatus  developed  to  measure  the  Brillouin  gain  spectra  of  various  fibers. 


In  order  to  capture  precise  Brillouin  spectra,  an  optical  heterodyne  approach  was  adopted  [11].  Fig.  1 
shows  a  block  diagram  of  the  final  experimental  arrangement,  after  a  considerable  amount  of 
optimization.  An  external-cavity  laser  diode  seed  (Agilent  81682A)  operating  at  15XX  nm  (tunable)  is 
used.  It  has  a  measured  spectral  width  of  85  kHz.  Light  from  the  seed  laser  is  isolated  and  amplified  by 
an  in-house-built  erbium  doped  fiber  amplifier  (EDFA). 

The  amplified  seed  signal  is  then  passed  through  a  circulator  and  then  into  the  fiber  under  test  (FUT). 
The  Brillouin  scattered  (back-reflected)  signal  then  passes  through  port  3  of  the  circulator  and  into  a 
second  EDFA.  Output  from  the  second  stage  then  passes  through  a  tunable  bandpass  filter  to  reject 
spontaneous  emission  from  the  second  stage  and  is  then  amplified  by  a  third  and  final  amplifier  stage 
with  high  gain.  This  signal  is  then  sent  into  a  fast  detector  (New  Focus  1534)  and  then  into  an  Agilent 
electrical  spectrum  analyzer. 

In  order  to  achieve  a  heterodyne  measurement,  some  of  the  fundamental  local-oscillator  (LO)  signal  (the 
seeder)  is  still  required.  Therefore,  in  order  to  minimize  the  number  of  components  used  in  the  setup, 
the  LO  signal  was  taken  by  cleaving  the  output  of  the  FUT  at  a  slight  angle  to  capture  some  (but  not  all) 
back-reflection.  The  Fresnel  reflection  from  the  end  of  the  FUT  was  set  to  provide  adequate  signal  to 
perform  the  heterodyne  measurements,  while  not  saturating  the  gain  in  the  last  amplifier. 

To  obtain  these  measurements,  up  to  lOOmW  of  power  could  be  launched  into  the  test  fiber,  However, 
depending  on  the  testing  case  and  fiber  specifications,  we  were  careful  to  avoid  any  gain  narrowing 
effects  in  the  BGS,  so  the  launch  power  is  always  carefully  limited.  Fig.  2  shows  a  'typical'  high-quality 
Brillouin  gain  spectrum  (BGS)  obtained  with  the  testing  apparatus.  We  found  that  we  could  measure  the 
BGS  of  fibers  as  short  as  ~lm  and  with  core  diameters  up  to  at  least  50pm.  This  system  formed  the 
backbone  of  our  Brillouin  scattering  work. 
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Fig.  2.  'Typical'  high-quality  BGS  obtained  from  our  measurement  apparatus.  This  example  is  a  heavily- 

Ge-doped  silica  fiber  measured  at  1555  nm. 

In  addition  to  this  apparatus,  a  number  of  amplifiers  were  developed  in  order  to  test  for  the  SBS 
threshold  utilizing  power  transmission  measurements,  both  at  15XX  and  1064  nm.  These  were  utilized 
throughout  the  program  to  determine  the  BGC  for  fibers  under  test.  In  addition,  the  layout  described  in 
Fig.  1  was  adapted  for  use  at  1064  nm  for  some  measurements. 
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2.  First  Measurements 


Key  Achievements 

i)  First  known  measurement  of  the  BGS  in  a  rare  earth-doped  fiber.  Rare  earths  cause  a 
large  broadening  of  the  BGS. 

ii)  Rule-of-thumb  Brillouin  gain  coefficient  (BGC)  of  ~  1.5  x  10'11  m/W  in  a  'typical'  Al  co¬ 
doped  Yb  LMA  fiber. 

We  began  by  analyzing  and  comparing  several  Ge-  and  Nd-Ge-doped  fibers  that  were  already  part  of  our 
internal  stock  of  fibers  to  see  how  rare-earths  influence  the  BGS.  These  results  were  published  [Ul]. 
Also,  as  proposed,  we  measured  a  series  of  Al  co-doped  Yb  fibers  from  Nufern.  However,  these  results 
remained  unpublished  due  to  proprietary  issues  by  the  manufacturer.  A  spectrum  of  a  35-micron 
Nufern  Yb-doped  fiber  is  provided  as  an  example  in  Fig.  3. 
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Fig.  3.  BGS  ofo35-pm  Nufern  Yb-AI  co-doped  fiber. 

Our  findings  were  that  adding  rare-earths  to  optical  fiber  broadens  the  BGS.  In  fact  the  BGS  was  found 
to  broaden  by  about  a  factor  of  two  for  each  weight  percent  of  dopant,  and  that  a  good  rule-of-thumb 
BGC  for  'typical'  Yb-doped  fibers  is  ~  1.5  x  10  11  m/W.  This  is  due  to  a  large  acoustic-wave  damping  that 
is  imparted  by  the  rare  earth.  Our  findings  thus  caused  us  to  reconsider  the  effectiveness  of  the  method 
described  in  [12],  wherein  by  manipulating  the  doping  profile  of  the  core  they  realized  a  BGC  of  0.9  x  10" 
11  m/W  relative  to  an  'expected'  value  of  5.0  x  10  11  m/W;  one  that  is  widely  reported  in  the  literature 
[2].  We  found  that  this  'expected'  value  is  far  too  large,  even  for  the  bulk  pure  silica  from  which  it  is 
derived  [2]. 

Another  finding  was  that  our  measurements  of  the  effect  of  Ge-doping  on  silica  fiber  acoustic  velocities 
did  not  match  others  found  in  the  literature  [13].  Regardless  of  the  manufacturer,  our  results  were 
inter-consistent  and  different  from  those  found  elsewhere,  and  no  clear  consensus  on  how  adding  Ge 
exactly  influences  the  acoustic  velocity  of  silica  could  be  found,  other  than  it  decreases  it.  It  became 
very  clear  that  the  data  found  in  the  literature  could  not  be  trusted  in  designing  a  low-SBS  fiber  [14,15] 
since  the  available  data  is  clearly  unreliable. 

Due  to  the  complexity  of  the  acoustically-profiled  fibers  that  were  proposed,  that  the  profiles  required 
tight  tolerances  to  work,  and  that  dopant  data  could  not  be  trusted,  we  found  it  to  be  unwise  to  guess  at 
compositions.  As  a  result,  we  put  more  focus  on  understanding  the  dopants,  their  effects,  and  how  they 
can  be  utilized  in  fiber  design.  This  led  to  the  development  of  the  model  presented  in  the  next  section. 
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3.  A  Model  for  Ge-doped  Fibers 

Key  Achievements 

iii)  First  model  that  calculates  the  Brillouin  gain  as  a  function  of  dopant  concentration. 

iv)  New  explanation  of  the  'anomalous'  broadening  of  the  BGS  in  single  mode  fibers  based  on 
a  viscous  acoustic-wave  damping  model. 

Based  on  extensive  experimental  work,  we  developed  the  first  model,  to  the  best  of  our  knowledge, 
which  calculates  the  BGC  for  a  Ge-doped  fiber.  This  model  can  be  applied  to  other  dopants  and  systems 
of  multiple  dopants.  This  will  be  described  later  in  the  report.  A  shortened  version  of  the  model  [U2]  is 
described  below. 
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Fig.  4.  Simplified  separable-dopant  model.  This  is  an  idealized  view  of  a  well-mixed  glass. 

In  a  well-mixed  Ge-doped  silica  fiber,  we  may  assume  that  a  fraction  m  of  the  total  volume  is  pure 
germania,  as  shown  in  Fig.  4.  We  can  determine  m  in  terms  of  the  physical  properties  and  [Ge]  (mol%  of 
Ge02)  as 
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Here,  M  is  the  molar  mass,  and  subscripts  s  and  g  refer  to  silica  and  germania,  respectively.  We  start 
with  the  average  density  for  this  glass,  determined  from  Fig.  4  to  be 


p  =  mpg+(\-m)ps.  (3) 

The  acoustic  velocity  is  found  by  determining  a  total  'time-of-flight'  through  both  segments  of  fiber  in 
Fig.  4 
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To  determine  the  spectral  width  as  a  function  of  [Ge],  we  begin  with  the  determination  of  an  average 
acoustic  damping  coefficient  in  the  two  pure  segments  as  a  function  of  frequency.  We  obtain  this  by 
summing  the  attenuation  in  each  segment  to  arrive  at 
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(5) 


=  (ya  1 VSMF  )2  [ agm  +  as  (l  -  m)] . 

The  scaling  term  (va/vSMF)2  accounts  for  the  frequency-squared  dependence  of  the  intrinsic  linewidth 

[5],  which  in  turn  is  proportional  to  the  damping  coefficient.  The  acoustic  frequency  is  that  of  the 
propagating  acoustic  mode  in  the  mixed  fiber,  not  that  in  the  pure  materials.  A  reference  frequency 
must  be  selected  at  which  the  damping  coefficient  is  defined,  in  this  case  arbitrarily  the  measured  (our 
data)  acoustic  frequency  of  the  L0i  mode  in  SMF-28™  at  1534  nm.  Thus,  ag  and  as  are  the  values  at 
acoustic  frequency  vSmf,  or  11.008  GHz  (regardless  of  the  optical  wavelength).  Finally,  we  also  know  that 
the  damping  coefficient  is  related  to  the  Brillouin  spectral  bandwidth  (FWHM)  as 
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n 

Finally,  the  Brillouin  gain  coefficient  is  determined  from  the  well-known  equation  (not  considering  the 
overlap  integral,  so  that  this  is  for  the  material  alone), 
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Fig.  5  (a)  provides  a  plot  of  Eqn.  (6),  while  Fig  5  (b)  provides  a  plot  of  Eqn.  (7)  for  Ge-doped  silica. 
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Fig.  5.  (a)  Spectral  width  vs.  [Ge]  and  (b)  gB  vs.  [Ge]for  Ge-doped  silica.  The  arrow  shows  the  position  of 

Coming's  SMF-28™  fiber. 

We  concluded  that  adding  Ge  to  silica  broadens  the  spectrum  in  a  non-linear  way,  different  from 
previous  reports  [13,16].  Spectral  broadening  results  from  the  dynamic  viscosity  of  germania  that  is 
about  ten  times  that  of  silica.  The  non-linear  nature  of  the  spectral  broadening  is  due  to  the  fact  that 
adding  Ge  to  silica  also  decreases  the  acoustic  velocity,  thereby  reducing  the  Brillouin  frequency,  and 
thus  the  acoustic  damping  coefficient,  leading  to  the  absolute  minimum  BGC  observed  in  Fig.  5(b). 

We  believe  that  the  'anomalous  broadening'  observed  in  single  mode  fibers  is  not  anomalous,  but 
rather  a  consequence  of  doping.  Germania  has  an  acoustic-wave  damping  coefficient  that  is  about  10 
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times  larger  than  that  of  silica.  While  lengthwise  variations  in  fiber  can  broaden  the  spectrum  for  long 
fibers  [2],  the  broad  spectra  are  not  due  to  anomalous  effects  or  the  fiber's  numerical  aperture  [17]. 

4.  Validation 

Key  Achievements 

v)  Showed  that  the  viscosity  model  presented  above  can  be  used  in  a  variety  of  mode  solvers 
to  predict  measured  BGS  and  BGC  very  accurately. 

vi)  Spectral  width  of  silica  in  fiber  form  is  not  anomalous,  but  instead  is  right  where  it  should 
be. 

vii)  First  explanation  of  the  dependence  of  the  Brillouin  spectral  width  on  acoustic  mode 
number  in  optical  fiber. 

Our  results  for  the  effect  of  Ge-doping  on  the  acoustic  velocity  of  silica  were  validated  independently  in 
[18].  Our  own  work  to  validate  the  model  demonstrated  that  it  can  be  used  to  calculate  the  BGS  of  a 
highly  Ge-doped  silica  fiber  utilizing  both  a  step-wise  approximation  to  the  doping  profile  [U3]  and  a 
finite  element  analysis  [U4].  The  latter  work  was  done  in  collaboration  with  Dr.  Benjamin  Ward, 
initiated  at  a  JTO  MRI  Review.  In  principle,  we  showed  that  a  doping  profile,  whether  simplified  or  used 
exactly,  can  be  converted  into  a  set  of  velocity  and  spectral  width  (acoustic  attenuation)  profiles.  How 
the  acoustic  modes  overlap  with  these  various  regions  gives  rise  to  their  observed  spectral  widths. 

To  expand  on  this,  we  have  observed  in  both  [U3]  and  [U4]  that  the  Brillouin  spectral  width  decreases 
with  increasing  mode  number.  In  the  case  of  these  works,  the  higher-order  acoustic  modes  (HOAMs) 
had  greater  overlap  with  regions  of  lower  acoustic  damping  (larger  relative  concentration  of  silica),  thus 
possessing  narrower  spectral  widths.  This  represents,  to  the  best  of  our  knowledge,  the  first 
explanation  of  this  phenomenon  and  the  very  first  time  a  radial  spectral  width  profile  was  applied  to  an 
SBS  analysis. 

5.  Use  of  an  Expanded  Model 

Key  Achievements 

viii)  Comparison  of  models  show  that  they  can  be  expanded  to  100%  dopant  endpoints. 

ix)  Demonstration  of  model  of  the  BGS  and  BGC  including  multiple  dopants. 

x)  First  observation  of  a  breakdown  in  the  'wavelength-squared  law'  of  the  Brillouin  spectral 
width. 

B203  was  previously  determined  to  have  a  very  large  acoustic  damping  coefficient  relative  to  silica  [19], 
and  this  can  be  utilized  to  suppress  SBS.  Thus,  a  B-Ge-codoped  silica  fiber  offered  a  reasonable  way  to 
test  the  model  in  a  ternary  system.  To  determine  the  influence  of  B203  on  silica  fiber  properties,  B203 
fibers  were  drawn  at  four  different  temperatures  from  the  same  preform  [U5]  by  Nufern.  The  different 
temperatures  were  chosen  (1900  9C,  1950  9C,  2050  5C,  and  2150  5C)  in  order  to  investigate  the  effect  of 
draw  temperature  on  fiber  properties.  The  concentrations  of  B203  and  Ge02  in  the  core  were  measured 
via  EPMA  by  Nufern  to  be  6.2  ±  5%  wt%  and  10.8  ±  2%  wt%,  respectively.  Ge  was  added  to  raise  the 
refractive  index  relative  to  the  pure  silica  cladding.  Fig.  6  provides  the  refractive  index  and  acoustic 
velocity  profiles  for  one  of  the  fibers. 
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Fig.  6.  Refractive  index  and  acoustic  velocity  profiles  of  the  fiber  drawn  at  2150  °C  along  with 
its  calculated  fundamental  acoustic  mode  excited  at  an  optical  wavelength  of 1534  nm. 


First,  it  was  found  that,  contrary  to  textbook  knowledge  [2],  the  Brillouin  spectral  width  does  not  always 
follow  an  inverse-wavelength-squared  dependence  [U6].  In  fact,  we  showed  that  only  when  the  viscous 
damping  processes  have  a  peak  attenuation  at  cryogenic  temperatures  (far  from  room  temperature) 
does  the  wavelength-squared  model  hold.  This  is  valid  for  'normal'  materials  such  as  Ge02  and  Si02. 
When  the  peak  lies  at  elevated  temperatures  (such  as  for  B203  [19]),  this  model  breaks  down.  This  leads 
to  the  Brillouin  spectral  width  of  B-doped  fibers  exhibiting  the  anomalous  behavior  of  broadening  with 
increasing  temperature  [U5],  as  compared,  for  example,  with  that  of  Ge-doped  fibers  whose  spectra 
narrow  with  increasing  temperature  [16].  This  can  be  a  beneficial  feature  for  high-power  fiber  lasers. 

Next,  the  four  different  temperatures  mainly  showed  that  the  acoustic  velocity  of  the  material 
decreases  with  decreasing  draw  temperature  (meaning  a  larger  draw  tension).  This  is  mainly  due  to  a 
residual  strain  that  remains  after  quenching  [20].  Secondly,  the  spectral  width  of  the  BGS  changes  by 
very  little,  suggesting  that  despite  the  draw  temperatures,  the  fiber  fictive  temperature  remains  about 
the  same,  probably  close  to  the  glass  transition  temperature  (~1100  5C). 

In  order  to  simulate  this  ternary  system,  we  expanded  the  model  presented  in  subsection  3  above  to  a 
summation.  As  an  illustrative  example,  the  acoustic  velocity  summation  becomes 


where  the  fiber  can  be  modeled  as  a  separable  group  of  multiple  segments  as  shown  in  Fig.  4,  and  the 
m's  represent  the  positions  of  the  boundaries.  These  calculations  led  to  the  set  of  curves  that  describes 
the  BGC  for  any  B-Ge-silica  composition  shown  in  Fig.  7.  In  summary,  the  results  show  that  the  BGC  (for 
the  material  alone,  not  incorporating  any  addition  SBS  suppression  methods)  can  fall  to  below  0.5  x  10 11 
m/W  for  Yb-based  systems  and  below  0.3  x  10 11  m/W  for  Tm  systems  (due  to  the  anomalous  behavior 
of  B203).  This  suggests  a  promising  development  path  however  it  is  unclear  if  the  spectroscopy  of  the 
rare  earth  would  be  adversely  affected. 
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Fig.  7.  Calculated  Brillouin  gain  coefficient  as  a  function  of  boric  oxide  concentration  (mole%) 
for  several  Ge02  concentrations,  increasing  from  0  to  90  mole  %  in  steps  of  10  mole%.  The 
inset  shows  the  acoustic  velocity  of  B-doped  silica  (no  Ge02)  as  a  function  of  B  dopant. 

While  the  model  we  have  been  using  does  seem  to  match  experimental  observations  very  well,  it  breaks 
down  when  inter-bonding  effects  alter  the  contributions  of  the  individual  species.  Thus,  in  these  cases, 
the  more  complex  molecules  can  be  treated  as  a  single  species  in  the  model  [U7],  Also,  while  the  model 
presented  above  is  the  first,  to  the  best  of  our  knowledge,  to  provide  a  calculation  of  the  BGC,  it  is  not 
the  only  one  to  provide  the  acoustic  velocity  of  a  mixed  material  [21].  We  performed  a  comparison  of 
these  models,  and  the  results  were  published  in  [US].  While  it  was  found  that  the  models  can  be  forced 
to  provide  results  consistent  with  experimental  observations,  the  model  of  subsection  3  utilized  fitting 
parameters  most  consistent  with  data  found  in  the  literature  for  the  bulk  material  constituents. 

6.  Novel  Materials 

Key  Achievements 

xi)  First  measurements  of  the  BGS  in  YAG-derived  fibers. 

xii)  Discovery  of  the  first  dopant  since  Al  that  increases  the  acoustic  velocity  when  added  to 
silica. 

xiii)  Expanded  elemental  influences  on  the  acoustic  and  optical  indices. 

Clemson  through  another  JTO  program  developed  glassy  fibers  derived  from  doped  YAG  crystals. 
Details  on  the  process  can  be  found  elsewhere  [22].  Interestingly,  these  fibers  contain  much  less  silica 
than  usually  found  in  aluminosilicate  Yb-doped  fibers.  This  represented  an  opportunity  to  investigate 
the  BGC  of  materials  that  have  low  photoelastic  constants  [23]  as  well  as  increased  acoustic-wave 
damping,  and  low  silica  content.  It  was  found  that  'typical'  YAG-derived  fibers  had  BGC  values  in  the 
vicinity  of  0.5  x  10"11  m/W. 

The  multi-component  model  described  in  subsection  5  above  was  used  to  model  the  YAG-derived  fiber 
system.  We  found  that  the  value  of  BGC  decreases  rapidly  with  increasing  Y  and  Al  concentrations  [U7], 
suggesting  another  promising  development  path.  Also,  we  found  that  Y  increases  the  acoustic  velocity 
when  doped  in  silica.  This  is  only  the  second  dopant  shown  to  have  this  effect  on  silica-based  fibers. 
Decades  ago,  Al  was  found  to  be  the  first  dopant  with  this  property.  During  this  program,  we  have 
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added  four  elements,  Y,  Nd,  Er,  and  Yb,  to  the  well-known  chart  representing  the  effect  of  dopants  on 
the  optical  and  acoustic  indices.  This  is  shown  in  Table  I.  These  results  are  based  on  experimental  work 
on  glass  fiber.  Utilizing  the  model  developed  during  this  program  and  bulk  data  found  in  the  literature, 
this  list  grows  considerably. 
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of  dopant  on  the  optical  (n0)  and  acoustic  (na)  indices. 


7.  On-Going  and  Future  Work 

Key  Achievements 

xiv)  YAG-derived  fiber  amplifier  experiments. 

xv)  First  calculation  of  temperature  and  strain-dependencies  of  any-order  acoustic  mode 
frequency  for  arbitrary  doping  profiles. 

xvi)  First  elucidation,  to  the  best  of  our  knowledge,  of  the  photoelastic  constants  (pn  and  p12) 
of  bulk  P205. 

Work  is  currently  underway  to  characterize  the  amplifier  performance  of  YAG-derived  fibers.  A  key  goal 
is  to  validate  BGC  measurements  on  the  fibers  with  power  transmission  data.  To  continue  in  this  area, 
fiber  designs  with  increased  Y  and  Al  concentrations  should  be  considered,  and  dual-cladding  designs 
can  be  contemplated. 


We  consider  the  model  described  in  subsection  3  to  be  very  strong,  and  we  have  since  expanded  it  to 
include  both  temperature-  and  strain-dependencies  (i.e.  dependence  of  the  Brillouin  frequency  shift  on 
applied  temperature  or  strain).  The  simplest  form  of  this  model  is  to  start  with  a  step-wise 
approximation  to  the  acoustic  and  optical  profiles,  and  to  apply  a  temperature-  and/or  strain- 
dependence  to  each  of  the  bulk  dopants.  With  this,  one  can  calculate  the  effectiveness  of  applied  strain 
or  temperature  gradients  to  suppress  SBS  in  high-power  fiber  amplifiers  for  arbitrary  dopant  profiles. 
Utilizing  this  expanded  model  we  have  analyzed  a  heavily  P-doped  fiber  and  have  shown  that  it  very 
accurately  calculates  the  unique  temperature  coefficients  of  all  four  measured  acoustic  modes  [U9]  (to 
within  2%  error).  Work  is  currently  underway  for  the  strain,  and  we  believe  for  the  first  time,  to  the  best 
of  our  knowledge,  we  have  elucidated  the  photoelastic  constants  pn  and  pi2  of  bulk  P205.  This  has 
eluded  the  community  due  to  the  instability  of  bulk  P205  due  to  its  being  one  of  the  most  hygroscopic 
known  materials  [24]. 


The  work  done  during  this  program  should  be  expanded  to  include  other  less-common  dopants  and 
glass  compositions.  There  is  numerous,  reliable,  bulk-material  data  available  in  the  literature,  and  many 
of  them  show  significant  promise  if  available  in  fiber  form.  This  may  require  the  development  of  new 
fiber  fabrication  and  glass  processing  methods.  And,  there  is  the  strong  possibility  of  discovering  new 
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materials  that  possess  attributes  more  desirable  for  the  suppression  of  SBS.  In  particular  the  utilization 
of  low  photoelastic-constant  and  large  acoustic-wave  damping-coefficient  materials  provide  a  very 
promising  path  towards  low-SBS  fibers  with  longitudinal  uniformity  and  independence  of  the  core 
diameter.  This  approach  appears  to  be  well-suited  for  CCC-type  fibers. 

B.  Other  Work 

A  very  brief  description  of  some  other  work  performed  during  this  program  is  provided  in  this  section. 
These  include  investigations  of  optical  glass  defects  and  a  remote  sensing  system. 

1.  Gloss  Defects 

Key  Achievements 

xvii)  Showed  that  the  presence  of  rare  earth  dopants  increases  the  concentrations  of  various 
glass  defects  in  fiber. 

xviii)  Showed  that  the  rare  earths  are  coordinated  to  these  defects. 

xix)  The  concentration  of  these  defects  depends  on  the  dopant,  and  may  explain  why  some 
rare-earth  doped  fibers  (such  as  Er-doped)  do  not  exhibit  photodarkening. 


In  the  course  of  testing  a  narrow-linewidth  pulse  amplifier,  visible  (mainly  reds  and  yellows)  were 
observed  being  emitted  by  the  fiber  at  high  peak  power.  A  search  in  the  literature  offered  no 
description  of  this  process  in  a  fiber  amplifier.  Further  investigation  suggested  that  these  observations 
were  due  to  non-bridging  oxygen  hole  centers  (NBOHC)  through  a  two-photon  absorption  process 
resulting  in  red  photoluminescence  [U10]. 

BOHC  defects  are  broken-bond  defects  represented  chemically  as  [=  Si  -  0  •]  where  the  symbol  = 
represents  bonding  to  three  oxygens  and  the  symbol  •  represents  an  unpaired  electron.  These  centers 
are  highly  localized,  have  luminescence  near  1.9  eV  (thus  otherwise  known  as  /^-centers  or  red  centers), 
and  absorption  near  2.0eV.  Photoluminescence  may  be  attributed  to  a  charge  transfer  transition 
between  a  non-bonding  orbital  of  the  non-bridging  oxygen  and  one  of  the  three  ligand  oxygens.  NBOHC 
centers  arise  from  the  presence  of  dopants  or  contaminants  that  are  network  modifiers,  such  as 
expected  from  a  large  concentration  of  a  rare  earth  dopant  and  requisite  co-dopants.  Consequently,  an 
analysis  on  a  number  of  passive  and  Yb-doped  fibers  disclosed  that  the  addition  of  rare-earths  to  silica 
greatly  increases  the  concentration  of  NBOHCs  [U 11],  suggesting  that  they  are  coordinated  in  the 
network.  Furthermore,  this  also  suggests  that  an  energy  transfer  (upconversion,  transfer  from  multiple 
Yb  sites  to  a  defect  center)  process  is  possible  for  pumping  defects  in  the  glass. 

As  what  was  found  with  NBOHC  may  have  implications  in  the  photodarkening  process  of  Yb-doped 
fibers  at  high  power,  several  other  experiments  were  performed  to  examine  the  presence  of  oxygen 
deficiency  center  (ODC)  defects.  Two  main  forms  of  ODC  defects  appear  to  be  feasible.  The  first  is 
known  as  ODC(I)  and  consists  of  an  oxygen  vacancy  at  a  location  of  two  bonded  silicon  atoms, 
represented  chemically  as  =Si-Si=  (also  known  as  the  'relaxed'  vacancy).  The  other  is  type  ODC(II)  (B2 
band)  with  two  feasible  configurations.  The  first  is  the  silylene-type  defect,  represented  as  :Si=, 
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containing  two  oxygen  vacancies  on  a  single  silicon  atom.  The  other  is  represented  as  an  oxygen  vacancy 
on  two  unbonded  Si  sites,  =Si...Si=  (the  'unrelaxed'  vacancy).  Our  studies  involved  the  ODC(II)  type  since 
it  is  well  known  to  be  involved  in  defect  inter-conversion  [25,26]. 


Wavelength  |  nm) 


Fig.  8.  Representative  emission  spectrum  for  a  Yb-doped  aluminosilicate  fiber  photoexcited  at  250  nm 
(third  harmonic  of  Ti:sapphire  at  750  nm).  Prominent  features  are  identified '  virtually  all  of  which 

emanate  from  intrinsic  defects  in  silica. 

A  series  of  experiments  have  shown  that  there  exists  an  energy  transfer  mechanism  (ODC->Yb)  when 
pumping  the  ODC  near  5  eV  [U12].  A  'typical'  spectrum  of  an  Yb-doped  fiber  pumped  at  248nm  is 
shown  in  Fig.  8,  along  with  the  identifiable  luminescence  features.  This  was  shown  to  be  further 
evidence  of  a  coordination  of  the  rare  earth  dopant  to  optically-active  defects.  Energy  transfer  from 
multiple  Yb  sites  can  result  in  excitation  of  these  defects,  and  possibly  lead  to  color  center  formation  or 
inter-conversion  of  defects. 

We  have  subsequently  found  a  linear  relationship  between  the  Yb  dopant  and  defect  concentrations  in 
Yb-doped  fibers,  and  we  have  been  able  to  elucidate  a  defect  concentration  in  Yb-doped  fibers,  for  the 
first  time  to  the  best  of  our  knowledge.  We  have  also  discovered  that  in  Er-doped  fibers,  the  defect 
concentration  is  far  less  than  that  of  Yb-doped  fibers.  This  may  explain  why  photodarkening  is  not 
usually  observed  in  Er-doped  fibers.  Work  is  ongoing  to  explain  our  observations,  and  a  manuscript  is  in 
preparation. 

2.  He  Lidar 

A  graduate  student  (PhD  2009)  partly  supported  by  this  program  leveraged  some  of  the  work  done  to 
develop  a  narrow-linewidth  laser  transmitter  for  the  detection  of  upper-atmospheric  helium  for  his  PhD 
thesis  [U13].  In  the  range  of  300  -  1000  km  altitude,  atomic  He  is  present,  and  is  believed  to  contribute 
significantly  to  the  global  transport  of  energy.  However,  its  time-  and  space-varying  atmospheric 
concentration  is  not  known  and  has  to-date  never  been  successfully  measured.  This  work  may  open  the 
door  to  these  measurements  for  the  very  first  time.  Additionally,  similar  to  the  Na  guide-star  (at  ~  90  - 
100  km  in  altitude),  this  work  may  represent  a  path  to  achieving  a  guide-star  much  further  into  space. 
This  system  may  also  lead  to  the  possibility  of  space  weather  predictions  at  satellite-altitudes. 
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3.  High  Brightness  Pump  Diode  Development 

Report  of  Fraunhofer,  Center  for  Laser  Technology,  Stefan  Heinemann 
Duration:  Oct.  2005  to  Sept.  2011 

Summary 

High  brightness  pump  diode  lasers  based  on  single  emitter  diodes  of  unprecedented  performance  were 
developed  and  a  total  of  4.2kW  of  pump  power  was  installed  at  the  laboratories  of  the  University  of 
Michigan.  The  first  six  (6)  turn  key  systems  deliver  a  total  of  2.1  kW  with  an  average  power  of  350W 
from  a  200pm  fiber  with  0.2  NA  for  each  unit.  The  second  set  of  three  (3)  turn  key  systems  delivers 
700W  from  a  200  pm  fiber  (0.2  NA)  for  each  unit.  Further,  these  units  comprise  the  unique  feature  of  an 
integrated  beam  switch  allowing  to  either  deliver  MOW  from  each  of  the  six  (6)  100  pm  fibers  (0.2NA)  or 
700W  from  one  (1)  200  pm  fibers  (0.2NA)  and  simultaneously  MOW  from  one  (1)  100  pm  fibers 
(0.2NA).  These  units  are  also  very  compact  and  comprise  sophisticated  controls  and  communication 
(CanBus)  protocol. 

Automated  packaging  technologies  were  also  developed  allowing  consistent  quality  and  short  production 
time.  A  precision  reflow  process  attaches  up  to  13  single  emitter  diodes  with  a  tolerance  of  +/-5  pm  in  a 
single  manufacturing  sequence.  Automated  lensing  procedures  and  equipment  was  developed  for  fast  and 
repeatable  alignment  of  micro-lenses  used  for  collimating  the  light  from  individual  single  emitter  diodes. 
The  developed  manufacturing  processes  and  equipment  are  worldwide  unique  and  are  now  being  adapted 
by  several  diode  laser  suppliers. 

The  work  was  complemented  by  support  from  DARPA,  the  State  of  Michigan  and  private  industry. 


Ultra  High  Brightness  Diode  Laser 

Single  emitter  diodes  enable  highest  brightness  and  power  among  all  commercial  diode  lasers,  since  the 
output  power  from  a  given  size  facet  is  typically  limited  by  temperature  of  the  pn  junction  and  not  by 
catastrophic  optical  damage  (COD).  The  thermal  cross  talk  of  bars  and  also  its  smile  due  to  CTE 
mismatch  between  diode  and  heatsink  are  eliminated.  Commercial  single  emitter  diodes  emit  1 1 W  from  a 
100pm  aperture  with  a  typical  beam  quality  of  M2=20,  while  in  fast  axis,  the  beam  is  diffraction  limited. 
This  compares  to  about  5W  from  the  size  same  emitter  in  a  bar.  Power  scaling  is  achieved  by  stacking 
multiple  single  emitters  in  fast  axis.  Twelve  single  emitters  can  be  efficiently  stacked  in  fast  axis  to 
achieve  a  symmetric  beam  quality  in  both  axis  including  manufacturing  tolerances.  A  subsequent 
proprietary  optical  element  performs  optical  stacking,  slow  axis  collimation  and  beam  cleaning  in  a  single 
element  (Figure  1).  Optical  losses  and  assembly  time  associated  with  conventional  beam  symmetrization 
is  eliminated. 

Two  design  iterations  of  the  platform  were  developed  over  the  course  of  the  program.  The  first  design 
uses  FACs  with  a  2.7mm  focal  lens  leading  to  a  SAC  with  115  mm  focal  lens  that  is  imaged  onto  the  end 
of  a  200pm  fiber  with  a  175  mm  focusing  parabola.  The  platform  combines  up  to  10  diodes  in  a  single 
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row  and  bending  mirrors  are  integrated  before  the  FAC  to  direct  the  beam  perpendicular  to  the  mounting 
plate  of  the  diodes.  (Fig.  1). 


Figure  1:  Gen.l  platform  with  up  to  10  diodes  in  a  row  and  integrated  bending  mirror  (left)  and 
with  attached  FAC  lenses  (right). 


lign  and  glue  FAC  lenses  into  holder. 


This  approach  is  scalable  to  surface  mount  technology  of  large  quantities,  but  results  in  a  bulky  laser 
system  due  to  focal  lenses  with  large  focal  lenses. 

The  second  generation  design  uses  a  FAC  of  0.9mm  focal  length  and  integrates  the  SAC  with  38mm  focal 
length  into  the  platform,  which  is  focused  onto  the  end  of  a  200pm  fiber  with  a  58  mm  focal  lens  (Fig. 2). 
The  platform  is  either  conduction  or  direct  water  cooled. 


Figure  2:  Gen. 2  platform  with  up  to  13  diodes  in  a  row  and  integrated  SAC  (left)  and  with 
attached  FAC  lenses  (right). 
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The  SAC  array  of  Gem.l  platform  collimates  and  stacks  60  individual  diode  lasers.  5  platforms  are 
therefore  arranged  in  a  2  D  stepped  array  and  subsequently  interleaved  and  collimated  by  the  SAC 

(Fig-3)- 


Figure  3:  Gen.l  platform  built  into  3D  array  (right)  and  schematics  of  SAC  collimation  and 
optical  stacking  (left). 


Both  designs  launch  120  single  emitters  into  a  200pm  fiber,  0.2  NA.  Batch  processing  and/or  automated 
lensing  is  paramount  to  enable  the  required  precision  and  consistency.  The  two  core  manufacturing 
processes  are  a  precision  reflow  process  positioning  all  diodes  of  a  platform  with  less  than  +/-5pm  in 
slow  axis  direction  and  automated  fast  axis  lensing.  The  accuracy  of  the  reflow  process  is  enabled  by 
dedicated  tooling  pressing  the  submounts  against  a  hardstop  during  the  soldering  process  (Fig.  4) 


A  high  precision  lensing  system  was  developed  for  alignment  of  the  FACs.  The  near  and  farfield  are 
simultaneously  taken  by  cameras  and  image  processing  is  deployed  for  automated  alignment  in  less  than 
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1.5  minutes  per  lens  in  5  axis.  Pointing  and  collimation  errors  were  proven  to  be  less  than  10%  of  targeted 
spot  size. 


1  emitter  1  emitter  1  row 

(threshold)  (half  power)  (threshold) 


Figure  5:  Set-up  and  beam  path  of  lensing  station  (top)  and  consistency  of  lensing  (bottom).  1 
row  comprises  10  emitters. 


After  lensing  and  optical  stacking,  polarization  multiplexing  is  deployed.  Gen.l  combines  two  3D  arrays, 
while  Gen.2  combines  two  platforms  and  integrates  the  controller  in  one  module  (Fig.6).  A  Gen.l  3D 
array  emits  about  350W  with  20  mm*mrad  and  a  Gen.2  module  emits  200W  with  7  mm*mrad  and 
smaller  footprint. 

Gen.l  uses  a  PC  based  controller  and  a  Labview  based  user  interface.  Three  user  interfaces  allow 
simultaneous  or  individual  operation  of  6  turnkey  systems  from  different  locations.  Gen.2  has 
microcontrollers  integrated  into  the  diode  platforms  and  uses  a  CanBus  to  communicate  with  the  user 
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interface.  The  latter  is  a  flexible  modular  approach  allowing  easy  integration  of  an  arbitrary  number  of 
modules. 


Figure  6:  Gen.l  3D  diode  array  with  linear  polarization  and  350W  (left),  Gen. 2  polarization 
combined  module  with  200W  (right). 


Fiber  coupled  turnkey  systems  with  control  were  also  developed.  Gen.l  delivers  550W  from  the  fiber  and 
Gen.  2  delivers  700W  from  the  fiber,  both  units  at  976nm  with  5nm  linewidth.  The  Gen.l  turnkey  system 
is  about  3  times  the  size  of  the  Gen.2  system. 


Six  systems  based  on  Gen.l  design  were  installed  (Fig. 7),  delivering  a  total  of  2.1  kW  from  6  200pm 
fiber,  0.2  NA.  More  than  4,000  operational  hours  were  locked  on  these  systems. 


The  Gen.2  system  has  a  unique  motorized  beam  switch  integrated,  which  allows  to  direct  the  light  of  five 
modules  in  either  five  individual  100pm  fibers  or  optically  stack  the  modules  for  delivery  in  a  single 
200pm  fiber.  A  sixth  module  is  also  integrated  into  the  turn  key  system  (Fig. 8).  The  user  interface  allows 
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individual  control  or  simultaneous  control  of  the  six  modules.  800W  are  obtained  from  the  six  100pm 
fibers  and  700W  from  the  200pm  fiber  (Fig. 9).  Three  units  are  in  the  process  of  installation  delivering  a 
total  of  also  2.1  kW. 


HB  Modules  -  6x 
Power  supplies  -  6x 
Fiberport  -1x200pm 
Fiber  ports -6x  100pm 
Laser  Warning  Lamp 
E-Stop 

Laser  Enabled  Indicato 
Key  Switch 
Beam  Switch 
USB  control  port 
Touch  p  anel  user  interf; 


Figure  8:  Gen.2  turnkey  system  with  six  200W  modules  with  integrated  controller  (upper  left)  and 
integrated  beam  switch  for  delivery  in  either  six  100pm  fibers  or  one  200pm  fiber  plus  one  100pm  fiber, 
all  with  0.2  NA. 


100um&200um/ 0.2 NA  Fibers 


Current  [A] 


^—2  Amp 
—  4  Amp 

- SAmps 

SAmps 
- 10  Amps 

12Anpj 


Figure  9:  PI  characteristic  of  Gen.2  laser  showing  power  from  six  100pm  fibers  and  one  200pm  fiber 
(left)  and  spectrum  (right). 
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Appendix  A 


I.  Additional  Analysis  and  Derivation  for  Choosing  the  Helical  Reference  Frame  in  CCC  Structure 


In  order  to  describe  QPM  conditions  in  CCC  structures,  it  is  necessary  to  investigate  the  eigenmodes  in 
CCC  structure.  In  the  fixed  laboratory  reference  frame  with  Cartesian  coordinates  {x,  y,  z},  whose  z-axis  is 
oriented  along  the  central  axis  of  CCC  fiber,  there  is  no  eigenmode  solution  along  the  propagating 
direction  (i.e.  z-direction),  because  CCC  structure  has  z-dependent  variance.  However,  in  this  section  it  is 
shown  that,  in  the  helical  reference  frame  with  rotating  helical  coordinates  {X,  Y,  Z}\ 


X  -  x  •  cos  az  -  y  •  sin  az , 
Y  =  x  •  sin  az  +  y  •  cos  az, 
Z  =  z, 


(SI) 


,  where  the  helical  reference  frame's  rotation  rate  equals  to  the  CCC  rotation  rate  a  =K,  the  CCC 
structure  becomes  z-independent  and,  consequently,  the  eigenmode  solutions  can  be  obtained  by 
applying  conventional  mode-solving  techniques  for  electromagnetic  wave  propagating  in  a  straight 
longitudinally  invariant  waveguide. 

We  can  assume  CCC  fiber  cladding  is  homogeneous  and  isotropic,  and  both  the  central  core  and  side 
core  are  isotropic  step  index  profiles.  Then,  in  the  fixed  reference  frame  with  Cartesian  coordinates  {x,  y, 

s(x,y,z) 


z},  we  have  the  dielectric  permittivity  tensor 


expressed  as: 


f  tclad  0 

0  > 

'As\(x,y) 
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0  > 

s2(x,y,z)  0  0 

s(x,  y,  z)  - 
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£clad 
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A*i  {x,y) 

0 

+ 

0  A  £2(x,y,z)  0 

v  0 

0 

£clad  J 

v  0 

0 

A  £i(x,y); 

v  0  0  A  s2(x,y,z\ 

(S2) 

,  where  £clad  is  the  dielectric  constant  of  the  homogeneous  cladding,  describes  transversal 

profile  of  the  cylindrically  symmetric  central  core  without  z-dependence,  and  describes 

three  dimensional  profile  of  the  helical  side  core  with  z-dependence. 

In  general,  it  can  be  shown  [Al,  A2]  that  from  the  covariance  of  Maxwell's  equations  it  follows  that  in 
any  generalized  coordinate  system  they  can  be  expressed  in  a  mathematical  form  identical  to  their 
expression  in  Cartesian  coordinates,  reference-frame  difference  being  solely  captured  by  the  change  in 
the  tensor  form  of  permittivity  and  permeability  in  these  equations.  Therefore,  keeping  the  same 


mathematical  form  for  Maxwell's  equations,  we  have  the  new  dielectric  permittivity  tensor 
in  the  helical  reference  frame  expressed  as: 

helical {X,Y)  =  J-  i(x,  y,z)-JT  =  (X> Y)  +  Ta , (X,  Y)  (53) 


'  helical 
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(S5) 


,  where  J  and  jT  are  the  Jacobian  matrix  [A2]  and  its  transpose  matrix  of  the  coordinates 
transformation.  For  the  central  core,  due  to  the  rotational  invariance  of  the  cylindrical  symmetry,  the 

distribution  remains  exactly  the  same^1^’^  “  .  For  the  side  core,  since  helical  coordinates  X 

and  Y  are  rotating  following  the  same  rotating  distribution  of  the  side  core,  the  longitudinal  variance  of 

the  side  core  in  the  helical  coordinates  disappears  as^2^’^  ~~  A^2(x,y,z  -  0)  ^  w|1jc|1  verjf jes  the 
intuitive  conclusion  that  the  geometry  of  side  core  becomes  "unwound"  and  should  be  represented  by  a 
straight  and  Z-axis  independent  waveguide.  Instead,  Eq.  (S3),  (S4)  and  (S5)  indicate  that  the  disappeared 

rotation  effect  in  geometry  is  transferred  into  the  dielectric  permittivity  tensor  ^ helical  fa,  Y) ,  w|1jc|1  has 

g,  straight  ( jr  tA 

the  contribution  from  two  tensor  terms  in  Eq.  (S3):  the  first  tensor  term  helical  v  '  is  the  part  that 

p.  rotate  ( jx  y\ 

acts  exactly  like  a  straight  homogeneous  isotropic  fiber  core,  while  the  second  tensor  term  helical  v  ’  2 
is  truly  the  rotation  effect. 

Now,  we  have  two  conclusions  regarding  the  CCC  structure  in  the  helical  reference  frame.  The  first  one 
is  that,  in  the  helical  reference  frame,  the  CCC  structure  becomes  longitudinally  invariant,  which  allows 
us  applying  conventional  mode-solving  techniques  to  find  the  eigenmodes  for  the  CCC  structure.  Indeed, 
this  is  the  main  reason  why  choice  of  helical  coordinates  is  advantageous  here.  By  using  standard  finite- 
element-method  (FEM)  modal  solver  in  a  medium  characterized  by  the  permittivity  tensor  in  Eq.  (S3), 
we  found  CCC  fiber  modes  numerically.  This  approach  allows  to  find  exact  modal  profiles  and 
propagation  constants  (including  imaginary  parts  which  directly  describe  modal  loss)  of  either  individual 
CCC-structure  waveguides  or  composite-modes  of  the  complete  structure.  Examples  of  numerically 
calculated  CCC-structure  modes  are  shown  in  Fig.  1  in  Ref.  [A3].  The  second  conclusion  is  that,  in  Eq. 

^straight  ( tA  g rotate  tA 

(S3),  the  first  tensor  term  helical  \  >  )  js  essentially  dominating  the  second  term  helical '  ’  because 
the  rotation  of  CCC  structure  is  usually  "slow",  in  a  sense  that  the  helix  pitch  is  in  millimeters  while  the 
helix  offset  is  usually  in  tens  of  micrometers.  It  means  that  we  can  first  analytically  solve  the  modal  field 
for  the  first  tensor  term  as  in  straight  homogeneous  isotropic  fiber  core,  and  then  treat  the  second 
tensor  term  as  perturbation  and  employ  the  couple  mode  equations  to  obtain  the  analytical  modal 
solution  for  the  total  dielectric  tensor.  This  is  an  analytical  approach  to  solve  for  the  eigenmodes  in  CCC 
structure. 

The  two  approaches  to  obtain  the  eigenmode  of  CCC  structure,  namely  numerical  and  analytical,  are 
quantitively  giving  exactly  the  same  results  in  terms  of  both  vector  modal  field  distribution  and 
propagation  constants.  Although  the  numerical  approach  with  FEM  mode  solver  is  more  rigorously 
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solving  the  Maxwell  equations,  the  analytical  approach  is  more  insightful,  because  it  gives  us  the 
analytical  expression  of  the  eigenmodes  in  CCC  fibers,  which  is  necessary  to  explain  the  QPM  conditions. 

II.  Additional  Analysis  and  Derivation  for  Analytical  Expression  of  Eigenmodes  in  CCC  Structure 

^straight  tA 

As  has  been  mentioned  in  last  section,  solving  modal  equations  with  the  first  tensor  term  helical  v  ’  'in 
Eq.  (S3)  leads  to  standard  modal  solutions  of  straight  core  fibers.  For  cylindrically  symmetric  fibers  with 
step  index  profile,  the  analytical  modal  solutions  for  vector  modal  fields  are  well  known:  they  are 

TF 

conventionally  named  as  Transverse  Electric  modes  designated  as  0m  ,  Transverse  Magnetic  modes 

designates  as  ,  and  so  called  Hybrid  modes  designated  as  HE»m  ancj  EHnm  [A4  -  A6]  with  indices  n 

MF 

and  m  standing  for  azimuth  and  radial  modal  numbers  n  =  +1,  +2, ...  and  m  =  +1,  +2,  ...  Each  nm  or 

FFf 

nm  mode  is  doubly-degenerate  with  respect  to  two  orthogonal  electric-field's  azimuthal  distributions. 

FfF 

The  electric  field  azimuthal  distributions  for  each  set  of  degenerate  nm  modes  are  [A4  -  A6]: 


Ez~ 


[cos  n6 
[sin  ft# 


J-  cos(ft  - 1)#1  „  J sin(ft  - 1  )6  1 
{-  sin(ft  -  1)<9  j  x  ’  y  {-  cos(ft  -  1)#J  7 


,  and  for  each  degenerate  EH  mode  set  are  [A4  -  A6]: 


(S6) 


\EH°nm\.  F  fc°SAi6»l .  ^Jcos(«  +  l)0l  [sin(>+l)<?  1 

1  EHenm\  Z  [sin n0p’  x  lsin(«  +  l)6ifx’  >  j-cos^  +  l)^  n  =  +1  ^ 

,  where  superscript  "o"  and  "e"  are  used  to  designate  two  degenerate  modes  with  "odd"  oriented 
distribution  (cosine  function)  and  "even"  oriented  distribution  (sine  function).  Although  in  the  weakly 

ri  TIT  mi  jT 

guiding  limit  [A7],  0m  modes  and  1  0m  modes  have  approximately  the  same  propagation  constants, 
they  are  essentially  not  degenerate  and  each  is  represented  by  a  unique  field  distribution. 

As  has  also  been  pointed  out  in  last  section,  the  second  tensor  term  helical  v  5  '  in  Eq.  (S3),  namely  the 
slow  rotation  effect,  can  be  treated  as  a  perturbation  to  the  straight  fiber  modes  solved  with  the  first 

P  straight  tA 

tensor  term  helical  \  >  ) .  indeed,  this  perturbation  will  cause  coupling  between  the  degenerate  pair  of 

straight  fiber  modes,  such  as  nm  degenerate  mode  pair  and  nm  degenerate  mode  pair,  and  this 
coupling  is  described  by  the  following  coupled-mode  equations  (CME)  for  the  n-f/j  order: 


dA ‘ 


8z 

a Ai, 


dz 


=  iplsA°c,s~4yna 
=  A°cyna  +  iPlsAl 


(SS) 


A°  Ae  Bn 

,  where  c’s  and  are  modal  amplitudes  for  odd  and  even  modes,  and  c's  is  the  propagation 

constant  of  the  n-th  order  degenerate  pair.  Subscripts  "c"  and  "s"  stand  for  "central  core"  and  "side 
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core"  respectively,  since  each  core  has  its  own  set  of  CME.  Different  from  the  straight  central  core,  the 
derivation  from  the  second  tensor  term  in  Eq.  (3S)  shows  that  the  off-center  side  core  acquires  a  helical 


Rn  ~  Rn 

correction  factor  5  ~~  straight  ,  which  is  also  quite  intuitive  when  considering  the  projection  of 

the  helical  path  onto  the  z-axis.  By  diagonalizing  the  CME  in  Eq.  (S8),  we  have  the  n-th  order  helically- 
symmetric  modal  solutions  for  both  central  and  side  core: 

77  ±  _  ( 770  _i_  \  ~j{Pc,s~n^)z 

^  nm  (S9) 

Here  we  can  see  that,  the  degeneracy  is  broken,  the  degenerate  modes  are  mixed,  and  we  have  a  new 
set  of  modes  designated  as  "±",  whose  propagation  constants  also  acquire  additional  increment 
A/?  =  ±nK  for  the  n_th  order_ 


By  direct  calculation  it  can  be  shown  that  electric-field's  azimuthal  dependence  for  nm  modes  is: 

a±jnd  ^  F  +  j  J7  _  o±j(n-\)0  m  U  ,  1 

[x~J yl,n=+l,+2, ...  (S10) 


Ez~e±jn“-Zz,Ex±jEy~ei 


,  and  for  nm  modes  it  is: 

E  ~  e±]ne  -ez,Ex±jE~  e±j(n+l)e  ■  [ex  +  jev  ] 

z  z’  x  J  y  Lx  J  yi  n=  +2, 


(Sll) 


,  where  6x  and  €y  are  the  unit  vectors  along  X  and  Y  axes  respectively.  It  is  well  known  that  the  term 

±jl6 

e  describes  an  optical  vortex  carrying  optical  orbital  angular  momentum  (OAM)  [A8  -  A10],  and  the 

6?  —  q  ~l~  jg 

term  *  describes  circular  polarized  light  carrying  spin-angular  momentum  (SAM)  [A8,  A9, 

All].  Since  the  azimuthal  angle  and  axial  propagation  are  coupled  in  the  CCC  helical  structure 

0  =  0q+Kz  j-f,e  additional  propagation  constant  increment  due  to  OAM  is  ±(W_1)A:  for  HE ™ 

modes  and  +  f0r  modes,  and  similarly  additional  propagation  constant  increment  A^due 

to  SAM  is  ±K  for  nm  modes  and  +K  for  nm  modes.  Therefore,  as  the  summation  of  OAM- 
induced  and  SAM-induced  ,  the  total  additional  propagation  constant  increment  induced  by 

T  T  T~T  ±  T7ZJ  — 

the  total  angular  momentum  (OAM+SAM)  is  always  equal  to  ±nK  for  n-th  order  n  nm  or  £  nm  modes, 
which  is  derived  in  Eq.  (S9).  Rigorously  solving  modal  equations  in  a  helical  reference  frame  with  FEM 

a  o 

modal  solver  has  confirmed  that  total  angular  momentum  induced  '  '  for  and  nm  modes  is 
always  equal  to  ±nK  ,  which  is  consistent  with  the  OAM  and  SAM  contributions.  These  results  are 
summarized  in  Table  (SI). 


67 


Mode  Azimuth 

Number  n 

n  =  0 

n  =  1,  2,  3,... 

Fiber  Mode 

Designation 

T^Orn 

TMq  m 

HE+nm 

HE~nm 

EH+nm 

EH~m 

due  to  OAM 

0 

0 

(n  -1)  K 

-(n  - 1)  K 

(n  +  l)K 

-(n  +  1  )K 

A P 

due  to  SAM 

0 

0 

K 

-K 

-K 

K 

Total 

due  to  OAM+SAM 

0 

0 

nK 

-nK 

nK 

-nK 

Table  SI:  Fiber  modes  designation  and  their  propagation  constant  increments  ^  due  to  Orbital  Angular 
Momentum  (OAM),  Spin  (Polarization)  Angular  Momentum  (SAM),  and  total  angular  momentum 

(OAM+SAM).  Note ,  that  n  =  0  corresponds  to  1  0m  modes  and  1  0m  modes  which  ore  ozimut holly 
invoriont  but  with  no  optical  momentum ,  and  that  modes  with  n  =  lfwhich  include  fundamental  HEn 
modes)  carry  only  spin-angular  momentum. 

III.  Additional  Analysis  and  Derivation  of  General  Quasi-Phase-Matching  (QPM)  Conditions 

For  the  sake  of  both  mathematical  expression  convenience  and  practical  experiment  use,  it  is  useful  to 

TF  TA/f  HF  FFf  T  P 

group  0m  modes,  0m  modes,  and  ™  modes  and  ™  modes  into  so-called  lm  modes  (LP 

LP 

stands  for  "Linearly  Polarized")  as  shown  in  Fig.  13  .  The  lm  modes  are  customarily  used  in  designating 

rTlT?  rrri\  / 

weakly-guiding  cylindrically-symmetric  fiber  modes  [A4,  A5],  which  are  groups  of  1  0m  modes,  0m 

HF  FH 

modes,  and  nmand  nm  hybrid  modes  that  become  degenerate  (their  propagation  constants  6  are 
equal)  in  the  weakly  guiding  limit  [A7] . 
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LP  LP 

Table  (S2):  Group  Rules  of  ,m :  Three  different  grouping  scenarios  depending  the  l-value  of  ,m  mode. 

LP 

This  grouping  into  ,m  modes  in  a  CCC  structure  remains  valid  and  has  been  summarized  in  Table  (S2), 

MF~  PPf~ 

where  helically-symmetric  nm  and  nm  modes  are  used.  However,  it  is  important  to  note  that  there 

LP 

is  an  essential  distinction  between  the  lm  modes  in  CCC  structures  and  in  conventional  cylindrical 

fibers.  Indeed,  by  comparing  Table  (SI)  and  Table  (S2),  one  can  see  that  the  degeneracy  within  the  lm 
mode  group  in  CCC  structures  is  broken  in  the  helical  reference  frame,  and  when  they  interact  with  each 
other,  the  modes  carrying  different  orbital-  and  spin-angular  momentum  combinations  (in  terms  of 

LP 

magnitudes  and  polarities)  in  one  lm  mode  group  in  CCC  structures  will  act  as  they  are  not  degenerate 
any  more.  Of  course,  when  no  interaction  between  the  cores  of  CCC  structure  is  considered  (namely 
outside  quasi-phase  matched  resonances),  modal  degeneracy  within  each  core  is  still  valid. 

In  order  to  determine  QPM  conditions  between  modes  in  a  CCC  structure,  we  have  developed  a 
rigorous  analytical  theory  based  on  Maxwell's  equations  in  helical  reference  frame,  with  which  we  have 
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formulated  the  coupled-mode  equations  (CME)  describing  inter-core  coupling  between  different 
helically-symmetric  vector  modes  from  Table  (SI)  and  Table  (S2),  and  derived  exact  QPM  conditions  for 
each  interacting  modal  pair.  The  derived  expressions  for  these  helically-symmetric  vector  modes  turn 
out  to  be  quite  complicated.  However,  we  discovered  that  the  QPM  expressions  could  be  quite  simple  if 
interacting  modes  are  grouped  according  to  LP- grouping  prescription  in  Table  (S2).  Essentially,  all 

LP 

possible  QPM  conditions  of  coupling  between  lm  modal  groups  involve  all  possible  combinations  of 

LP 

orbital-  and  spin-  angular  momentum  values  and  polarities  within  each  lm  group.  In  terms  of 
propagation  constant  and  angular  momentum  matching,  this  can  be  expressed  as  following: 


Am,  Pu 


Jl  +  K2R2  -Am-K  =  0 


B  B  LP  LP 

,  where  Hlxmx  and  Hlimi  are  the  propagation  constants  of  lxMx  and  limi  in  straight  central  and  side 

cores  respectively,  and  Vl  +  K2R2  \s  a  helical  correction  factor  for  the  side  core.  The  parameter 
follows^  =  A/  + As .  the  values  of  ^  run  through  four  possible  combinations^ “ ±^2 ,  and  the 
values  of  ^  run  through  five  possible  integers  ^  =  -2,  -1,  0,  +1,  and  +2.  For  example,  interaction 
between  central-core  01  group  and  side  core  11  group  is  described  by  Am  =  -3,-2,-l,0,+l,+2,+3, 

while  the  same  situation  but  with  side  core^21  group  gives  ^m=  -4,-3,-2,-l,0,+l,+2,+3,+4.  Both  these 
interaction  examples  correspond  to  experimentally  verified  situation  shown  in  Fig.  13. 


Physical  origin  of  the  multitude  of  QPM  resonances  illustrated  in  Eq.  (S12)  is  two-fold:  First,  it  is  actually 

LP 

two  groups  of  modes  that  are  interacting  with  each  other  in  terms  of  ,m  modes,  as  has  been  discussed 
above.  Second,  there  are  three  different  types  of  perturbations  that  are  causing  three  different  types  of 
coupling  between  center  and  side  core  modes,  which  can  be  theoretically  studied  by  performing 
detailed  finite-element  analysis  of  induced  birefringence  in  CCC  fiber.  By  comparing  theoretical  results 
with  the  experimental  observations,  we  achieve  the  following  conclusions:  The  first  type  of  perturbation 
is  simply  a  perturbation  of  a  mode  by  the  presence  of  another  core,  i.e.  center-core  modes  are 
perturbed  by  the  helical  side  core  and  side-core  modes  are  perturbed  by  the  central  core.  This  causes 
coupling  between  the  modes  with  the  same  circular  polarization,  i.e.  RCP  to  RCP  and  LCP  to  LCP.  In  the 
above  formula  Eq.  (S12),  this  corresponds  to  values  with  ^  -  0.  The  second  type  of  perturbation 
arises  from  local  linear  birefringence  created  in  the  spacing  between  the  two  cores  due  to  the  difference 
in  the  thermal  expansion  between  the  two  cores  and  the  cladding  during  the  fiber  draw  process.  This 
perturbation  causes  coupling  between  orthogonally  polarized  modes,  i.e.  RCP  to  LCP  and  vice  versa.  In 
Eq.  (S12),  this  corresponds  to  ^  values  with  ^  =  -2  and  +2.  The  third  type  of  perturbation  is  associated 
with  the  local  "shear"  birefringence  created  in  the  spacing  between  the  two  cores  due  to  the  spinning  of 
a  hot  fiber  perform  during  CCC  fiber  draw.  This  perturbation  causes  mixing  between  longitudinal  and 
transverse  modal  field  components  (similar  to  the  case  of  a  twisted  cylindrically-symmetric  conventional 
fiber  [A12]  and  is  described  by  values  with  As  =  -1  and  +1. 


70 


References  for  Appendix  A 

[Al]  J.  L.  Wilson  et  al.,  IEEE  Trans.  Microwave  Theory  Tech.  57,130  (2009). 

[A2]  A.  Nichlet  et  al.,  Eur.  Phys.  J.  Appl.  Phys.  28,  153  (2004). 

[A3]  Xiuquan  Ma,  Chi-Hung  Liu,  Guoqing  Chang,  and  Almantas  Galvanauskas,  "Angular-momentum 
coupled  optical  waves  in  chirally-coupled-core  fibers,"  Opt.  Express,  19,  26515-26528  (2011). 

[A4]  E.  Snitzer,  J.  Opt.  Soc.  Am.  51, 491  (1961). 

[A5]J.  A.  Buck,  Fundamentals  of  Optical  Fibers,  2nd  Edition  (Wiley,  New  Jersey,  2004). 

[A6]  Katsunari  Okamoto,  Fundamentals  of  Optical  Waveguides,  2nd  Edition  (Academic  Press,  MA,  2006). 
[A7]  D.  Gloge,  Appl.  Optics  10,  2252  (1971). 

[A8]  L.  Allen  et  al..  Optical  Angular  Momentum  (I.O. P.  Publishing,  London,  2003). 

[A9]  L.  Marrucci  et  al.,  Phys.  Rev.  Lett.  96, 163905  (2006). 

[A10]  L.  Allen  et  al.,  Phys.  Rev.  A  45,  8185  (1992). 

[All]  R.  A.  Beth,  Phys.  Rev.  50, 115  (1936). 

[A12]  R.  Ulrich,  and  A.  Simon,  Appl.  Optics  18,  2241  (1979). 


71 


